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Animals subjected to severe hemorrhage deteriorate in time until they 
no longer respond to blood replacement measures—a state referred to as 
“irreversible shock.”** Fine and his associates during the past 10 
years ** have pieced together a large body of evidence to support the 
contention that the release of bacterial endotoxin into the blood stream 
from the intestinal flora represents the most important factor in the de- 
velopment of an irreversible trend in protracted shock. Although the 
key observations are for the most part circumstantial,°* certain 
morphologic features have been presented during the past year which, if 
substantiated, would provide clear-cut evidence that bacterial endo- 
toxins are released during the irreversible phase of shock. Fine, Ruten- 
burg and Schweinburg’ state that following shock in rabbits pretreated 
with Thorotrast, tissue alterations appear in the intestine and kidney 
which they believe are indicative of the generalized Shwartzman reac- 
tion. 

It is known that a single dose of endotoxin suffices to evoke the gen- 
eralized Shwartzman reaction in animals pretreated with a “blocking” 
dose of Thorotrast.® Fine and co-workers * concluded that in Thorotrast- 
blocked animals, hemorrhagic shock duplicated this phenomenon by re- 
leasing endotoxin from bacterial reservoirs in the intestinal tract. These 
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observations would seem to be of crucial importance since the classic 
morphologic manifestations of the generalized Shwartzman reaction— 
the accumulation of “fibrinoid” in glomeruli with bilateral cortical 
necrosis of the kidneys—have not been produced unless endotoxin was 
used in some way in the process. 

Previous reports *?° dealing with the histopathology of shock do not 
include changes which can be interpreted as those of the generalized 
Shwartzman phenomenon. Recently there has been a tendency to use the 
terms “generalized Shwartzman reaction” and “acutely lethal endo- 
toxemia” interchangeably, even though the two conditions are unmistak- 
ably different. Furthermore, the term “shock” has been applied loosely 
to a wide variety of experimental conditions which may in fact have 
nothing more in common than that they all terminate in an “acute death” 
of unknown cause. Thus, the lethal syndromes induced by two doses of 
Thorotrast or by an overwhelming dose of bacterial endotoxin have 
been classified as shock,’ even though there is no evidence that the fatal 
course in these situations has a pathogenesis common to conventional 
forms of experimental shock. 

It is the purpose of the present report to examine singly and in com- 
bination the experimental conditions reported to have elicited the 
generalized Shwartzman reaction in “shocked” animals—particularly 
blockade of the reticuloendothelial system and endotoxemia. It is clear 
that there is a need to delineate the morphologic features in different 
forms of shock in order to allow a more objective evaluation of the 
factors involved in the development of this common syndrome. 


MATERIAL AND METHODS 


The rabbit was used in the current investigations since it is the animal of choice for 
eliciting the classic generalized Shwartzman reaction. The rabbits weighed between 
1,500 and 2,000 gm. 

Four experimental categories were set up: (a) acute bacterial endotoxemia; (b) 
blockade of the reticuloendothelial system; (c) hemorrhagic shock; and (d) trau- 
matic shock produced by temporary occlusion of the superior mesenteric artery. 
Various combinations of these procedures were used, as will be described below. 

The endotoxin employed was a lipopolysaccharide extract of Escherichia coli pre- 
pared according to the method of Landy, Johnson, Webster and Sagin™ by the Difco 
Laboratories. 

Blockade of the reticuloendothelial system (RES) was achieved by the intravenous 
injection of Thorotrast (25 per cent thorium dioxide in a suspension of 25 per cent 
tapioca dextrin).” 

Hemorrhagic shock was produced, using aseptic precautions, in rabbits under 
Nembutal® anesthesia (30 mg. per kg. of body weight) by graded bleedings from the 
carotid artery into a cannula. The latter led to a reservoir consisting of two 50 ml. 
volumetric pipettes arranged in series so that the system served as an automatic 
device for maintaining the blood pressure at any desired level.” The hypotensive 
episode was terminated by infusing the blood remaining in the reservoir into the 
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animal and then ligating the carotid artery and closing the wound. The times noted 
in the text refer to the interval elapsing after blood replacement had been completed. 
Shock was also induced by temporary occlusion of the superior mesenteric artery by 
a tie about the root of the vessel.“ Under Nembutal® anesthesia, a silk ligature was 
tied in place, the abdominal incision closed, and after go minutes the tie was released 
from the outside. 

Sections of lung, liver, kidney, spleen, pancreas, adrenal, and small intestine were 
fixed in ro per cent neutral formalin, and hematoxylin and eosin stained sections were 
prepared. The dense refractile, eosinophilic material (commonly referred to as 
“fibrinoid”), deposited in the small blood vessels, particularly in the liver, spleen 
and lungs, was identified on the basis of its tinctorial properties with the hematoxylin 
and eosin stain. Further identification in animals treated with Thorotrast or in shock 
was made in selected instances by using a special polychrome stain, consisting of 
acid fuchsin, aniline blue, picric acid and tannic acid (0.25 per cent each in solution 
of saline). With this, the glomerular deposits in the generalized Shwartzman re- 
action stained red. In other instances, the periodic acid-Schiff (PAS) and phos- 
photungstic acid (PTA) stains were used to determine the nature of the intravascular 
deposits. 

In order to facilitate the correlation of morphologic and physiologic observations, 
each of the 4 major divisions in the experimental section is introduced by a brief 
description of some of the essential physiologic features in the corresponding experi- 
mental conditions. 


RESULTS 
PATHOLOGIC CHANGES PRODUCED BY BACTERIAL ENDOTOXINS 


The first step was to record the changes induced by a lipopolysac- 
charide preparation from E. coli, a material extensively studied in our 
laboratory and elsewhere, in relation to both local and generalized 
Shwartzman reactions.?*?” The damaging effects of bacterial endotoxins 
are variable, depending upon the dosage, the route of administration, 
and the time relationship of administration. The nature of the reaction 
depends upon the status of the animal, being influenced by a wide range 
of factors, including infection, diet, season, adrenal cortical function, 
pregnancy, age, activity of the RES, and number of circulating leuko- 
cytes.78 

In general, 3 types of injury have been produced by bacterial endo- 
toxins: (a) an acute lethal reaction terminating in 3 to 6 hours and not 
associated with specific morphologic changes; (b) the generalized 
Shwartzman phenomenon seen following two appropriately spaced intra- 
venous injections of endotoxin, which is ultimately lethal and which is 
characterized by extensive deposition of an eosinophilic substance 
(“fibrinoid’’) in the visceral blood channels, particularly in glomeruli; 
and (c) a tissue reaction consisting of hemorrhage and necrosis produced 
in sites prepared by the local administration of bacterial endotoxin and 
provoked by the intravenous injection of endotoxin 24 hours later. Of 
the lesions produced in each of these groups, only those of the gen- 
eralized Shwartzman reaction are highly distinctive. 
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In view of the importance of the latter as evidence for the occurrence 
of endotoxemia in shock, a full description is included of the tissue 
changes as they occurred under our experimental conditions. 


Acutely Lethal Endotoxemia 


Large doses of endotoxin, administered systemically, produce a rapid 
lethal course, characterized by fever, leukopenia, vasomotor disturb- 
ances, diarrhea, and muscular weakness, culminating in coma and 
respiratory failure.?* Of the 8 rabbits given 150 to 200 ng. of E. coli 
endotoxin intravenously, 7 died within 4 to 8 hours. The histologic 
features were nonspecific and unmistakably different from those char- 
acteristic of the generalized Shwartzman reaction.'® 

The kidneys showed no outstanding alterations. In most instances 
the glomeruli were moderately congested and in many cases the glo- 
merular cells were swollen. Occasional heterophils appeared within 
glomeruli. “Fibrinoid” was not present in the glomerular capillaries. The 
liver was enlarged and showed marked congestion. Fibrin thrombi oc- 
curred within occasional veins. Some of the Kupffer cells showed clusters 
of heterophils about them. The spleen was congested. Occasional sinuses 
contained fibrinoid material and heterophils, many of which were frag- 
mented. 

Minimal or no alterations were seen in other tissues, except for the 
small intestine, in which there were irregular foci showing leukocyte 
infiltration and erosion of the mucosa. In several animals, the small 
vessels of the viscera contained traces of fibrinoid material. 


Generalized Shwartzman Reaction 


This condition was originally described by Gratia and Linz,’ Apitz,?° 
Gronchi,” and then in greater detail by Gerber from Shwartzman’s 
laboratory.” The essential histologic feature of the generalized Shwartz- 
man reaction®® is the accumulation in the small blood vessels of 
eosinophilic material, generally referred to as fibrinoid. The organ most 
strikingly affected is the kidney, where masses of fibrinoid accumulate 
in the glomerular capillaries, and in which during the later stages of the 
reaction bilateral cortical necrosis occurs. 

In the present experiments, 12 rabbits, weighing between 1.4 and 2 
kg., received 100 wg. of EZ. coli endotoxin intravenously and 18 hours 
later a second 100 pg. dose by the same route. Tissues were obtained at 
intervals ranging from 2 to 24 hours. Gross evidence of bilateral renal 
cortical necrosis was present in 10 rabbits sacrificed or dying 4 or more 
hours after the second injection. 

The changes in the kidneys during the first 3 to 4 hours after the 
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second injection consisted chiefly of dilation and engorgement of the 
glomerular tufts. Subsequently, the glomerular capillaries exhibited in- 
creasing amounts of eosinophilic substance, which by 8 hours almost 
completely filled the lumens (Fig. 1). Occasionally, similar deposits 
were also present in the glomerular arterioles. Necrosis of glomerular 
tufts became evident by 8 hours; patches of tubular necrosis, primarily 
of the convoluted tubules, also appeared. At 24 hours the deposits were 
so extensive that individual capillaries were difficult to delineate from 
one another, and many of the glomeruli had the appearance of solid 
masses of fibrinoid. Intermingled with the fibrinoid were both intact and 
hemolyzed red blood cells. In sections stained with the polychrome stain 
(Fig. 1), the red colored fibrinoid could be clearly demonstrated to be 
confined within the capillary vessels, which were surrounded by an 
intact blue-stained basement membrane. By 24 hours the renal necrosis 
had extended to all of the cortical structures. 

Gross inspection of the fully developed lesion disclosed it to be made 
up of numerous areas of infarction which were gray, opaque, or hemor- 
rhagic. At first, individual lesions were punctate and irregularly scat- 
tered. With more extensive involvement, the areas of necrosis became 
large and confluent. 

In the liver, the capillaries were congested as early as 3 to 4 hours 
and contained small amounts of fibrinoid. After 4 hours, adherent fibrin 
thrombi with leukocytes and nuclear debris appeared in some of the 
sinusoids and at times even in the veins. At about this time, focal necrosis 
of parenchyma was seen in scattered areas. The Kupffer cells were 
prominent, and there were adherent clusters of heterophils strikingly 
arranged around some of them. 

A more complete description and analysis of the changes in the re- 
ticuloendothelial cells is given in the section dealing with Thorotrast. 

In the spleen, marked congestion of the perifollicular zones appeared 
as early as 2 hours. Leukocytes were present in increased numbers 
throughout the tissue, and were frequently fragmented. Subsequently, 
the sinuses contained extensive deposits of fibrinoid which after 4 hours 
filled many of the sinuses. 

Fibrin thrombi were found on occasion in veins of other viscera. 

In brief, the characteristic lesion of the generalized Shwartzman re- 
action consisted of specific glomerular lesions together with cortical 
necrosis. During the early stages, the lesion was nonspecific, with the 
glomeruli showing marked congestion. Subsequently, varying amounts 
of fibrinoid were deposited, and necrosis of glomeruli and tubules de- 
veloped. The definitive diagnosis of the generalized Shwartzman phe- 
nomenon may be made only in the presence of these renal lesions. 
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Local Dermal Reactions 


Local tissue damage was induced in 3 to 4 separate skin sites in 6 
animals either by 2 injections of endotoxin (100 yg. intradermally and 
100 pg. intravenously, 18 to 20 hours later), or by a combination of 
epinephrine and endotoxin (100 wg. each), as used by Thomas.** In 
these experiments the skin lesion consisted of hemorrhagic necrosis, 
with fibrin thrombi and acute inflammation. General visceral lesions 
were not encountered in this small series of experiments. 


BLOCKADE OF THE RETICULOENDOTHELIAL SYSTEM 


Numerous attempts have been made to interfere with the functional 
behavior of the cells of the RES by overloading them with colloidal 
material.”®:* In early work, functional blockade of the RES was as- 
sumed to be present on the basis of histologic demonstration of large 
amounts of the colloidal substance within the RE cells. More recently, 
direct evidence for this concept has been provided by the development 
of quantitative methods for measuring the phagocytic activity of the 
RES.?7288 

Some of the effects of blockade of the RES are the same, irrespective 
of the colloidal agent used, while others are due to the particular toxicity 
of the phagocytized particles.” Various functions of the RES have 
been shown to be altered following the administration of large doses 
of colloidal substance: 

(1) The ability of the RES to clear the same colloid or to remove 
other colloids from the blood stream is depressed.”® 

(2) Injected particles remain in the circulation for much longer pe- 
riods of time; abnormal deposits of the colloid are found in the endo- 
thelial cells of small veins, heart valves, and especially the glomerular 
capillaries.®° 

(3) The capacity of the Kupffer cells to break down phagocytized 
denatured proteins is reduced.** 

(4) An initial phase of increased intravascular coagulability can 
be observed when excessively large amounts of colloid are taken up, or 
when the materials are toxic for the RE cells, as, for example, com- 
mercial India ink,*? Thorotrast,** or endotoxin **; under these circum- 
stances, injected particles are found in the lungs and glomerular capil- 
laries enmeshed in fibrin clots. 

The extent of damage brought about by the “RES blockade” depends 
upon the dose and nature of the injected colloid.** Clearance of particu- 
late matter from the blood is never completely abolished by RES block- 
ade. The duration of the effect is also variable and depends upon the 
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nature of the colloid phagocytized.* Rapidly metabolized, nontoxic 
materials, such as heat-denatured serum proteins, induce a short-lived 
blockade, whereas toxic substances can cause impairment of function 
lasting several days.** During the period of partial blockade, the cells 
of the RES are more susceptible to further injury by toxic colloidal ma- 
terials such as endotoxin. Animals with blockade are also known to be 
highly susceptible to hemorrhagic’ and traumatic shock,*" as well as to 
the lethal effects of endotoxemia.** Perhaps the single most important 
question to be answered in the present study is whether the greater 
susceptibility to shock in animals with blockade is indeed due to an in- 
creased sensitivity to bacterial endotoxins, or to some other effect of 
RES blockade. 


A Single Dose of Thorotrast 


A single dose of Thorotrast was given to 10 animals without any ap- 
parent ill effects. Six were sacrificed 2 to 4 hours later, 2 at 24 hours, 
and 2 at 7 days. Large amounts of Thorotrast were seen in the liver 
and spleen and to a lesser extent in the kidneys, particularly in the 
glomeruli. The injected colloid appeared microscopically as a brownish, 
refractile, finely granular material, which was sometimes accompanied 
by a homogeneous basophilic substance. The latter was most prominent 
in the glomerular vessels (Figs. 3 and 5). 

At 2 to 4 hours both of these substances were present within the glo- 
merular capillaries and could be clearly distinguished from “fibrinoid” 
on a tinctorial basis in hematoxylin and eosin stained sections. The 
homogeneous substance appeared blue with the polychrome technique 
(Fig. 2) in striking contrast to the red-staining material present in the 
glomerular capillaries during the generalized Shwartzman reaction (Fig. 
1). Positively stained material was not present in tissues of animals 
given Thorotrast when PAS and PTA stains were used to identify 
“fibrinoid.” The only feature which might Jead to confusion of the gen- 
eralized Shwartzman with the Thorotrast glomerular lesion is the similar 
distribution of the two deposits. 

At 24 hours, the glomerular capillaries still contained large amounts 
of the brownish granular material, much of which had by this time been 
taken up by the endothelial cells. The same sort of homogeneous sub- 
stance was also seen in the lumen of scattered tubules. There was no 
necrosis of glomeruli or tubules. At 7 days, the Thorotrast was still 
present in the kidney, exclusively in the glomerular endothelial cells. 

At 2 hours, the liver showed extensive deposits of Thorotrast in the 
sinusoids and some in the Kupffer cells (Fig. 7). In the course of the 
next 24 hours, the Thorotrast in the sinusoids largely disappeared but 
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was present in abundant amounts within the Kupffer cells. Although 
the deposit in the liver was almost entirely of the brownish variety, 
small amounts of basophilic substance were found in the sinusoids 
during the first few hours. 

The inflammatory reaction surrounding the Kupffer cells previously 
mentioned was much more conspicuous in animals receiving Thorotrast. 
At 2 to 4 hours following injection of the colloidal agent, heterophils 
were clustered about some of the Kupffer cells. The number of altered 
Kupffer cells so affected was increased by 24 hours (Fig. 8). In some 
instances karyorrhexis was seen, apparently involving both leukocytes 
and Kupffer cells (Figs. 8 and 9). Some of the intact leukocytes in these 
clusters contained Thorotrast. In animals that survived for 7 days, the 
hepatic sinuses disclosed nodular aggregates of mononuclear cells inter- 
spersed with a few leukocytes (Fig. 10). 

The Thorotrast-laden spleen showed numerous heterophils, which 
were present at 2 hours and had increased by 24 hours. Considerable 
karyorrhexis was present, apparently in relation to destruction of the 
phagocytic cells (Figs. 11 and 12). The extent of the karyorrhexis in the 
spleen was often greater than that seen in the Kupffer cells. 

An attempt was made to determine whether the two types of deposits 
observed in these animals could be identified as components of the 
Thorotrast material, namely the thorium dioxide and dextrin. The 
Thorotrast and the dextrin vehicle alone were injected subcutaneously 
into separate skin sites, and histologic sections were taken a few minutes 
later. Foreign material was seen only in the site injected with Thoro- 
trast, appearing as brown, granular, refractile deposits. In neither site 
was there evidence of the homogeneous basophilic substance consistently 
observed in the kidneys after intravenous injection. The data suggest 
that the basophilic substance contains a component contributed by the 
host. 


Two Doses of Thorotrast 


Various investigators have noted the highly lethal effects of a second 
dose of Thorotrast. It has been claimed’ that animals dying of such 
injections exhibit the lesions of the generalized Shwartzman reaction. 

Twelve rabbits were given 2 intravenous injections of either 2 or 3 ml. 
of Thorotrast per kg. of body weight, spaced 3 hours apart. Animals 
given 2 doses of 3 ml. of Thorotrast invariably died within several hours. 
The group receiving 2 injections of 2 ml. of Thorotrast survived and 
were sacrificed at intervals of 5 to 24 hours (Table I). 

Gross inspection showed no renal cortical necrosis. Occasionally, 
areas of hemorrhage were seen in the intestine, a change encountered 
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in most of the forms of “shock” studied. Areas of mucosal congestion 
were present in the upper portion of the small intestine, and at times 
were associated with infiltration by leukocytes. Massive retroperitoneal 
hemorrhage was present in all of the animals given 2 doses of Thorotrast. 

The histologic alteration in the double Thorotrast group was essen- 
tially an exaggeration of that seen with only a single injection. The 


TABLE I 


INCIDENCE OF GENERALIZED SHWARTZMAN REACTION IN RABBITS 
RECEIVING DIET FORTIFIED WITH ANTIBIOTIC AGENT * 


No. of 
Category Treatment t rabbits Mortality G.S.R. 
Acute endotoxemia E. coli extract 
150 ug. 8 7/8 ° 
Generalized Shwartz- E. coli extract 

man reaction 100 wg. + 100 wg. 12 10/12 10/12 

Dermal Shwartzman E. coli extract 
100 wg. i.d. and 

100 yg. iv. 6 ° 
Single Thorotrast 3 ml. 10 ° 
Double Thorotrast 3 ml. + 3 ml. 6 6/6 ° 

2 ml. + 2 ml. 6 0/6 ° 
Hemorrhagic shock 40 mm. Hg, 3 hr. 10 7/10 ° 
Thorotrast priming ¢ 3 ml, 

+ hemorrhagic shock + 45 mm. Hg, 2 hr. Ir 9/11 ° 
Endotoxin priming ¢ 100 ug. 

-+ hemorrhagic shock + 45 mm. Hg, 2 hr. 8 6/8 ° 
SMA shock go min. 6 6/6 ° 
Thorotrast priming ¢ 3 ml. 

+ SMA shock + go min. 6 6/6 ° 
Thorotrast priming ¢ 3 ml. 

+ endotoxin + 100 ug. 3 3/3 3/3 
Thorotrast priming ¢ 3 ml. 

+ endotoxin + 10 ug. 2 0/2 2/2 


* so gm. of furazolidone per ton of food. 
+ Doses of Thorotrast and endotoxin listed per kg. of body weight. 
¢ See text for spacing of injections. 
Key: G.S.R. = Generalized Shwartzman reaction 
id. = intradermally 
= intravenously 
SMA = superior mesenteric artery 


liver, spleen, and particularly the glomeruli of the kidney contained 
heavy deposits of the substance described above (Figs. 3 and 5). Here 
again, the deposits were clearly different from fibrinoid, both in hema- 
toxylin and eosin preparations (Figs. 3 to 6) and with the special stains 
used (Figs. 1 and 2). Despite the accumulation of large deposits in the 
glomerular capillaries, renal tubular necrosis did not develop. 

These experiments demonstrate that the pathologic changes induced 
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by two doses of Thorotrast were not associated with the characteristic 
renal lesion of the generalized Shwartzman phenomenon—there was no 
deposition of fibrinoid in the glomerular vessels and no cortical necrosis. 
The changes seen in Thorotrast-injected animals consisted essentially 
of deposition of the injected colloid in the glomerular capillaries, and 
the accumulation of the Thorotrast in the RES, the uptake of Thorotrast 
being associated with damage to the phagocytic cells. 


EXPERIMENTAL SHOCK 


The term shock has been used to describe those forms of circulatory 
failure which are peripheral in origin and apparently are not due to 
cardiac insufficiency or to a failure of central neurogenic regulatory 
mechanisms. The essential feature of the syndrome is a progressive re- 
duction of the nutritive blood flow through the parenchymal tissues to 
the point where the microcirculation deteriorates and venous return to 
the heart is no longer effectively maintained.** 

All forms of shock proceed through two main phases—an initial stage 
of compensation in which the peripheral circulation is sustained by 
homeostatic readjustments within the tissues and by the activation of 
specialized centers; the compensatory status is maintained for a variable 
period until separate aspects of the compensatory response begin to 
deteriorate, after which the second or decompensatory stage sets in. 
Much of recent research in shock has been concerned with attempts to 
identify the factors or mechanisms precipitating the end phase of the 
circulatory collapse. The concepts which have been advanced include 
the release of electrolytes, tissue breakdown products, activation of pro- 
teolytic enzymes, interference with the removal of catechol amines and 
polypeptides, derangements in kidney and liver metabolism, “blockade” 
of the RES, and the systemic dissemination of bacterial endotoxin.®® 

It is widely held that the tendency to decompensation during the 
terminal phase of shock in large part results from alterations in the 
intestinal tract and liver.*° Two separate explanations for the “toxic” 
factor in shock have been advanced, each placing major emphasis on 
changes in one of these structures. Shorr ** believed that the key factor 
responsible for the decompensatory aspect of irreversible shock is a 
progressive depression of vascular reactivity mediated by an uncon- 
trolled release of iron. This, apparently, is a consequence of the stagnant 
hypoxia in the liver and its associated impairment of ferritin metabo- 
lism. On the other hand, Fine and co-workers * emphasized the effect of 
the reduced blood flow through the intestinal tract in shock, leading to 
a systemic dissemination of bacterial products, such as gram-negative 
endotoxins. 
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The two experimental models most frequently used to study the 
evolution of shock reactions have been graded hemorrhage and tissue 
trauma. Although both syndromes have many features in common, the 
need to document these mechanisms in detail makes it preferable to 
consider each under separate headings. 


Graded Hemorrhage 


Irreversible Shock in Untreated Controls. Rabbits weighing 1.5 to 
2.5 kg. were anesthetized with sodium pentobarbital (30 mg. per k.g., 
intravenously) and a cannula was placed in the carotid artery. Graded 
bleedings were made under aseptic conditions into a heparinized bleed- 
out reservoir set up as an automatic system to maintain the blood pres- 
sure at a preset level. The blood pressure was lowered rapidly to 35 mm. 
of Hg and maintained there for 3 hours, at which time the blood remain- 
ing in the reservoir was re-infused. The carotid artery was tied off and 
the neck wound closed. Death usually occurred within 4 to 16 hours 
after blood replacement. Ten rabbits were investigated in this group 
(Table I). Tissues for histologic study were obtained from 7 animals 
dying in shock and from 3 survivors sacrificed at 18 to 24 hours. 

The kidneys of animals dying in deep shock revealed nonspecific 
alterations, consisting chiefly of swelling of glomerular cells. In the 
liver, the sinusoids were congested; occasional thrombi were present 
within veins. As early as 5 hours after blood replacement, heterophils 
were seen around occasional Kupffer cells, and karyorrhexis was mani- 
fest (Figs. 13 and 14). It is of interest that in the 3 animals subjected 
to nonlethal hemorrhage, evidence of damage to the Kupffer cells was 
minimal. 

In the spleen there were extensive areas in which the sinuses con- 
tained little blood, but there was some perifollicular congestion. 
Throughout the pulp, there were regions showing accumulations of 
heterophils with considerable karyorrhexis. Occasional vessels contained 
fibrin thrombi. The small intestine, particularly the duodenal mucosa, 
exhibited foci of edema, hemorrhage, necrosis, and leukocytic infiltra- 
tion. 

In Animals Pretreated with Thorotrast. Since animals in which the 
RES has been blocked with Thorotrast are highly susceptible to different 
forms of shock, it was necessary in this group of experiments to use a 
procedure ordinarily nonlethal. Thorotrast (3 ml.) was given intra- 
venously 3 hours before subjecting the animals to graded hemorrhage. 
The blood pressure was kept at 45 mm. of Hg for only 2 hours. In a 
group of 11 rabbits so treated, 9 died within 3 to 14 hours (Table I). 
On the whole, the changes in these animals were similar to those with 
Thorotrast alone. 
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The renal glomeruli appeared to contain more Thorotrast than in 
rabbits receiving Thorotrast alone. No fibrinoid was found in the tufts 
(Fig. 2). In the liver, the extent of Kupffer cell damage appeared to be 
greater than in rabbits receiving Thorotrast alone. Many of the Kupffer 
cells assumed bizarre shapes and on occasion contained pyknotic nuclei. 
Foci of inflammation developed within several hours and at ro to 12 
hours became unusually prominent around many of the Thorotrast- 
laden Kupffer cells. In spite of the severe damage to the Kupffer cells 
in animals surviving for 24 hours, necrosis of hepatic cells was seen only 
on occasion. 

On gross inspection, the spleen was strikingly enlarged. Micro- 
scopically there were large amounts of Thorotrast in both the perifolli- 
cular region and the surrounding sinuses. Heavy infiltration of leuko- 
cytes and extensive karyorrhexis were present. Occasional small deposits 
of fibrinoid material were seen in the spleen and liver. 

In Animals Pretreated with Endotoxin. In a further analysis of the 
shock reaction, a clearly identified bacterial factor was combined with 
hemorrhagic shock in the expectation that this might reveal any incipient 
tendency toward the development of the generalized Shwartzman re- 
action. Endotoxin was administered 12 to 18 hours prior to the induction 
of hemorrhage. Under these conditions it might be anticipated that if 
endotoxin were released during the shock episode, evidence of the gen- 
eralized Shwartzman phenomenon should be present. Eight rabbits 
received E. coli endotoxin (100 »g.) intravenously and were subjected 
to a 2-hour period of hypotension (blood pressure, 40 mm. of Hg) by 
hemorrhage. Four of the animals died in 2 to 5 hours following blood 
replacement, the remaining 4 succumbing in 10 to 16 hours (Table I). 

The pathologic changes in these animals were similar to those seen 
with hemorrhage or with endotoxin alone. None of the rabbits exhibited 
the basic features of the generalized Shwartzman phenomenon. The kid- 
neys showed only swelling of the glomerular cells. The liver, on gross 
inspection, appeared enlarged. Microscopically, the tissue was con- 
gested, with spotty areas exhibiting fragmented leukocytes surrounding 
the Kupffer cells. The spleens were unusually large and exhibited con- 
gestion of both the perifollicular zone and the pulp sinuses. Irregular 
patches of hemorrhage and leukocytic infiltration were present in the 
mucosa of the small intestine. 

Some mention should be made of the amounts of heparin used in the 
hemorrhagic procedure inasmuch as it has been reported * that the 
morphologic manifestations of the generalized Shwartzman reaction can 
be abolished by pretreatment of the rabbit with large amounts of heparin 
(2,000 units per kg.). In the present studies, no heparin was given to 
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the rabbit systemically. Instead, the blood, as it was withdrawn into 
the reservoir, was heparinized by the addition of a total of 100 to 150 
units of Liquaemin®. Such amounts did not prevent the development 
of the Shwartzman reaction following 2 doses of endotoxin (3 rabbits) 
or by a single dose of endotoxin in rabbits primed by blockade of the 
RES with Thorotrast (2 rabbits). Obviously, no heparin was used in 
experiments with Thorotrast alone or in animals subjected to the su- 
perior mesenteric artery occlusion type of shock. 


Shock Induced by Occlusion of the Superior Mesenteric Artery 


In these experiments the rabbits were anesthetized with sodium pen- 
tobarbital (30 mg. per kg.) and through an abdominal incision a silk tie 
was placed around the base of the superior mesenteric artery (SMA). 
After a period of complete occlusion for 90 minutes, the tie was released 
through an end anchored in the skin. The blood pressure fell moderately 
(20 to 30 mg. of Hg) upon release, but returned to near normal levels 
within 10 to 20 minutes. Thereafter the pressure showed a variable 
decline over a period of 2 to 4 hours and then fell precipitously in the 
last hour of life. Death was accompanied by the usual clinical signs 
of shock. 

Untreated Controls. The 6 rabbits in this group died 3 to 14 hours 
after release of the tie about the SMA. The pathologic findings were 
nonspecific and indistinguishable from those in animals with hemor- 
rhagic shock. The segment of bowel in which the circulation had been 
occluded for 90 minutes showed scattered areas of acute inflammation, 
necrosis, and hemorrhage. The greater part of the intestinal wall ap- 
peared relatively normal. 

Animals Pretreated with Thorotrast. Six rabbits received Thorotrast 
intravenously (2 ml. per kg.) and were subjected to SMA occlusion 3 
hours later. Death occurred in % to 6 hours after the tie had been re- 
leased (Table I). The changes in the kidneys more closely resembled 
those of animals given a double dose of Thorotrast rather than a single 
dose. No fibrinoid was present within glomeruli, and no cortical necrosis 
occurred. The liver also showed considerable amounts of Thorotrast, 
much of which was within the Kupffer cells. Here again, a striking 
feature was the presence of inflammatory and degenerative changes 
previously described in association with the Kupffer cells. The spleen 
was exceptionally large and showed congestion involving both the 
perifollicular region and the pulp. Large amounts of Thorotrast were 
present in the perifollicular zone. Numerous heterophils and a great 
deal of nuclear debris were present. Very little fibrinoid was observed. 

The upper part of the small intestine was well preserved, but the 
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lower part of the ileum showed congestion and some areas of hemor- 
rhage with sloughing of the mucosa. Additional experiments were done 
on 4 rabbits using a 60-minute occlusion of the SMA (2 controls and 
2 pretreated with Thorotrast). These animals survived for longer pe- 
riods and were sacrificed at 24 to 48 hours. The results were the same 
as those obtained with the 90-minute type of occlusion. 


EFFECT OF BACTERIAL ENDOTOXIN 
ON ANIMALS PRETREATED WITH THOROTRAST 


The experiments in this category deal with the combined effects of 
two pathogenetic factors which have frequently been suggested as ele- 
ments in the basic mechanisms responsible for the irreversible aspect 
of shock—an impairment of the RES and bacterial endotoxemia. It is 
well established that as shock progresses, the clearance of colloids from 
the blood stream is impaired to the same extent as occurs following 
“blockade” of the RES with carbon or Thorotrast.** It has also been 
shown that animals treated with blocking doses of Thorotrast or carbon 
are much more susceptible to shock.** 

In these experiments, 5 rabbits received 3 ml. of Thorotrast and 3 
hours later were given bacterial endotoxin. Large doses of endotoxin 
(100 pg.) were given to 3 rabbits, and death occurred within 1 to 2 hours. 
With smaller doses (10 »g.), 2 animals became obviously ill but did not 
die and were sacrificed 24 hours later. 

The pathologic changes in these animals were indistinguishable from 
those of the classic generalized Shwartzman phenomenon, except for the 
presence of Thorotrast material (Fig. 6). The kidneys showed bilateral 
cortical necrosis and in glomeruli exhibited massive deposits with the 
tinctorial properties of both Thorotrast and fibrinoid. 

The liver sinusoids contained large amounts of fibrinoid. Foci of 
inflammation and karyorrhexis were present around many of the 
Thorotrast-laden Kupffer cells. The splenic sinuses were filled with 
fibrinoid intermingled with clumps of Thorotrast and leukocytes, many 
of which were fragmented. 

In blockaded animals that died within one hour after receiving 100 
pg. of endotoxin, the kidneys showed essentially the same findings as 
seen with Thorotrast alone except for numerous minute deposits of 
fibrinoid in the lumen of glomerular capillaries. 


RELATION OF PATHOLOGIC ALTERATIONS TO THE PRESENCE OR ABSENCE 
OF COLIFORM BACTERIA IN THE INTESTINAL FLORA 


Fine and co-workers’ have emphasized the need to check bacterio- 
logically the intestinal flora of animals used in shock experiments. They 
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found that rabbits which had received an antibiotic agent in the diet 
showed a shift in the enteric bacterial population and frequently became 
free of coliform organisms. They stated that such animals were much 
more resistant to shock and failed to develop the lesions which these 
workers interpreted as manifestations of the generalized Shwartzman 
reaction. 

In the current experiments, two groups of rabbits from different 
breeders were used. One group was found to have received an anti- 
biotic agent, furazolidone (50 gm. per ton of food), for several months 
prior to shipment. A second group was therefore selected which had 
not been given any dietary supplement. Both sets of animals appeared 
equally vigorous and clinically well at the time they were used experi- 
mentally. 

Bacterial cultures * were made of fecal samples removed aseptically 
from the lower part of the colon of controls and of animals receiving 
Thorotrast, shock, or endotoxin. The controls treated with antibiotic 
agents showed minimal numbers of gram-negative organisms in fecal 
specimens. However, when challenged with endotoxin, shock, or Thoro- 
trast, large numbers of E£. coli appeared in the stool within 4 hours. In 
the group receiving a conventional diet, EZ. coli were consistently present 
in control specimens and increased in number following shock or endo- 
toxemia. In both groups of rabbits, gram-positive rods, gram-positive 
cocci and coccidial cysts could be identified. On culture, the stools were 
found to contain, in addition, staphylococci, lactobacilli, bacilli, diph- 
theroids, clostridia, as well as large numbers of multinucleated struc- 
tures. 

A comparison was then made of the histologic change developing in 
both groups of rabbits subjected to the same challenging situation. We 
were particularly interested in the morphologic features following 
Thorotrast alone and shock in Thorotrast-primed animals. In a total of 
28 rabbits with verified coliform contamination (Table II), the gen- 
eralized Shwartzman reaction developed regularly only in animals re- 
ceiving 2 doses of endotoxin (4 in 4). None of the rabbits receiving 1 or 
2 doses of Thorotrast (o in 8) showed the characteristic renal lesion, and 
only one rabbit pretreated with Thorotrast before being subjected to 
shock (1 in 7) developed the generalized Shwartzman reaction. In view 
of the ever-present possibility of contamination in the blood reservoir 
system during hemorrhage, and the increased sensitivity of Thorotrast- 
treated animals to bacterial endotoxin, the one positive reaction may 


* We are indebted to Dr. Joseph Winter and Dr. Paul May of the Salmonella Center, 


Beth Israel Hospital, New York City, for culturing and identifying the organisms in the 
stool specimens. 
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have been the result of contamination. In any event, only one rabbit 
in this group in a total of 24 receiving 2 doses of Thorotrast, or Thoro- 
trast and shock, or endotoxin and shock (Table II) showed a positive 
Shwartzman reaction, and there were none among the rabbits receiving 
the antibiotic-fortified diet. There were no other differences in the 
pathologic observations in the two groups of rabbits. 


MISCELLANEOUS OBSERVATIONS 


Occasional small fibrin thrombi were found in the venous system of 
the viscera in all of the forms of experimental “shock” under study. 

The parenchymal cells of the liver showed evidence of excessive 
amounts of glycogen in some of the rabbits in many of the experimental 


TABLE II 
INCIDENCE OF GENERALIZED SHWARTZMAN REACTION IN RABBITS ON REGULAR DIET * 
No. of 
Category Treatment f rabbits Mortality G.S.R. 
Double endotoxin 100 wg. + 50 wg. 4 4/4 4 
Double Thorotrast 3 ml. + 2 ml. 4 3/4 ° 
3 ml.+1 ml. 4 2/4 ° 
Hemorrhagic shock 40 mm. Hg, 3 hr. 4 3/4 ° 
Thorotrast priming ¢ 3 ml. 
+ hemorrhagic shock + 45 mm. Hg, 2 hr. 7 5/7 I 
Endotoxin priming wg. 
+ hemorrhagic shock +45 mm. Hg, 2 hr. 3 0/3 ° 
Endotoxin priming ¢ ug. 
+ hemorrhagic shock + 45 mm. Hg, 3 br. 2 2/2 ° 


* Presence of coliform organisms verified in fecal samples. 
+ Doses of Thorotrast and endotoxin listed per kg. of body weight. 
¢ See text for spacing of injections. 

G.S.R. = generalized Shwartzman reaction 


categories. The findings were not, however, sufficiently constant to 
warrant our attributing this feature to a particular aspect of the shock 
syndrome. 

The intestine in rabbits in all of the foregoing experiments showed 
varying degrees of congestion, erosion, ulceration, and inflammation. 
This was usually, but not always, in the upper third of the intestinal 
tract. 

In the pancreas of many of the rabbits from different categories, the 
zymogen granules were diminished in amount, particularly at the 
periphery of the lobules, giving the impression of an “exhausted” pan- 
creas. At times, vacuoles were observed in the parenchymal cells of the 
pancreas, reminiscent of those described after stimulation of this organ 
by acetylcholine. 
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DIscussIONn 


The problem at issue is whether bacterial endotoxemia represents, 
as has been claimed,*” the toxic factor responsible for the irreversible 
course of traumatic and hemorrhagic shock. Although this concept is 
supported by considerable experimental evidence, some investiga- 
tors *©** have been unable to substantiate many of these claims. We are 
concerned here primarily with one aspect of the problem, the contention 
that morphologic changes exist which indicate that endotoxemia occurs 
during the course of shock.” It is our belief that the only morphologic 
features which could be used as evidence for bacterial endotoxemia are 
those of the generalized Shwartzman reaction. 

Earlier descriptions * of the lesions in shock produced by hemorrhage 
or trauma do not refer to the deposition of fibrinoid in the glomerular 
capillaries and renal cortical necrosis—the essential features of the 
generalized Shwartzman reaction.** In the present experiments, evidence 
of the generalized Shwartzman reaction was not observed in animals 
exposed to hemorrhagic or traumatic shock. This was true, without ex- 
ception, even when the animals were first prepared by an injection of 
E. coli lipopolysaccharide or by previous blockade with Thorotrast, a 
procedure known to affect rabbits in such a way that a single, exceed- 
ingly small amount of endotoxin evokes the generalized Shwartzman 
reaction.*” 

Fine and associates’ reported the generalized Shwartzman reaction 
in animals subjected to shock when they had previously been treated 
with Thorotrast. On this basis, these workers concluded that the break- 
down of circulatory homeostasis during the terminal stage of shock 
was the result of the combined effect of facilitated entrance of bacterial 
products into the circulation and depression of reticuloendothelial func- 
tion. In the present experiments, the generalized Shwartzman reaction 
was observed, with the one exception noted before, only in those cir- 
cumstances in which endotoxin was used—either as two appropriately 
spaced intravenous injections, or in animals pretreated with Thorotrast 
before receiving endotoxin; but not with combinations of endotoxin and 
shock, Thorotrast and shock, or with two doses of Thorotrast. 

It is difficult to explain the apparent discrepancy between our data 
and those obtained by Fine and co-workers. Since the generalized 
Shwartzman reaction was produced in only 1 of 15 rabbits by combina- 
tions of Thorotrast and shock in animals with coliform bacteria demon- 
strated in their intestinal flora, our failure to produce these changes 
regularly cannot be presumed to be due to the absence of gram-negative 
organisms in the intestinal tract. The possibility exists that the criteria 
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used to identify the generalized Shwartzman reaction were not the 
same in both laboratories. The criteria used in the current studies are 
those which have been described since the classic experiments dealing 
with the Shwartzman reaction.?? The renal lesion consisting of fibrinoid 
within the glomerular capillaries and bilateral cortical necrosis was taken 
to be the distinctive feature of the Shwartzman phenomenon. Hemor- 
rhagic and inflammatory reactions in the small intestine were too incon- 
sistent and, in our experience, much too nonspecific, to be used for pur- 
poses of identification. 

The lethal syndrome induced by two doses of Thorotrast resembles 
the generalized Shwartzman phenomenon only insofar as the glomerular 
capillaries contain deposits of an abnormal substance. This material, 
which has distinctly different staining properties from the fibrinoid seen 
in the generalized Shwartzman reaction, is a mixture of refractile, yel- 
lowish brown granules and another constituent which is amorphous and 
is purple in hematoxylin and eosin stained sections. These observations 
indicate that extensive deposits of foreign substance can occur in the 
glomeruli without inducing bilateral cortical necrosis, and suggest that 
additional factors may participate in the pathogenesis of cortical necrosis 
in the generalized Shwartzman phenomenon, While the absence of the 
generalized Shwartzman reaction does not preclude the possible ab- 
sorption of endotoxic material from the intestine during the course of 
shock, we have been unable to provide morphologic evidence for the 
dissemination of biologically active endotoxin during the syndrome. 

Another biologic test, using the known effect of small amounts of 
endotoxin to provoke hemorrhagic necrosis in epinephrine-primed skin 
sites,*® was carried out without evidence for the presence of endotoxin 
in the bloodstream of animals during any of the experimental situations 
discussed herein. 

It should be pointed out that rabbits with large numbers of gram- 
negative bacteria in the intestinal flora could not be subjected to as 
severe hemorrhagic hypotension as could those on a diet fortified with 
an antibiotic agent. These findings, however, cannot be construed to 
indicate that endotoxemia is essential to the development of the irrevers- 
ible phase of shock. We have interpreted the evidence to indicate that 
endotoxemia plays at most a contributory role. 

Further evidence against a toxic factor of bacterial origin in the 
genesis of the irreversible phase of shock has been obtained in experi- 
ments with germ-free animals.” It is difficult to relate the lethal course 
of the shock syndrome in germ-free rats and mice to the action of 
bacterial products. In this connection, it is pertinent to note that, as 
is the case in ordinary laboratory animals, germ-free rats become highly 
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susceptible to shock when pretreated with blocking doses of colloidal 
Thorotrast.™ 

Another aspect of the problem, which is currently under investigation 
but which has not been discussed in the present report, is the effect 
of factors such as blockade of the RES and endotoxemia on blood coagu- 
lation mechanisms.™ In animals subjected to shock or given large doses 
of colloidal materials, biphasic changes in the blood coagulation system 
develop—an initial short-lived hypercoaguable phase, followed by a 
more protracted hypocoaguable state.** This circumstance may explain 
the occasional venous fibrin thrombi in most of the animals in the pres- 
ent experiments. In addition, each of these experimental conditions is 
associated with profound alterations in the number of circulating leuko- 
cytes and platelets, characterized in the main by an initial leukopenia 
and thrombocytopenia followed by a leukocytosis and thrombocytosis. 
Not enough consideration has been given to the contribution of these 
factors to the manifestations of shock. 

The changes involving the Kupffer cells represent a lesion common 
to all groups of animals which were examined. Similar alterations have 
been described following the administration of Salmonella extracts.® 
The present observations provide morphologic evidence to substantiate 
the damage to the RES hitherto revealed on a functional level by meas- 
urements of phagocytic activity during shock,** endotoxemia, and 
blockade.*® Degenerative changes in the RE cells were especially 
prominent in animals pretreated with Thorotrast. It should be noted that 
in animals which survived, damage to the Kupffer cells was relatively 
slight. Changes in the Kupffer cells were seen even with a single dose of 
Thorotrast, indicating that Thorotrast not only acts to block the RES, 
but that it is cytotoxic. 

The sequence, in brief, can be described as follows: the Kupffer cells 
become enlarged and swollen; leukocytes accumulate about them; 
karyorrhexis of both the leukocytes and Kupffer cells then ensues. The 
degeneration of the Kupffer cells and the associated inflammatory re- 
sponse become increasingly apparent after a period of 4 to 6 hours. 
Lesions of this kind are known to develop in at least two ways: (a) 
either leukocytes could accumulate as a result of direct damage to the 
Kupffer cells themselves; or (b) as in the case of the Arthus or local 
Shwartzman reaction, leukocytes may be attracted to the area and in 
turn contribute to the subsequent damage. The striking appearance of 
the Kupffer cell damage in Thorotrast-treated animals would suggest a 
direct toxic action of this substance on the RE cells. 

There is good reason to believe that equivalent alterations occur 
in the phagocytic cells of the spleen, as manifest by increased numbers 
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of heterophils, many of which are fragmented and are clustered about 
necrotic splenic cells. The RE cells of the spleen cannot be distinguished 
easily from other parenchymal elements, making it more difficult to 
recognize the degenerative changes in these phagocytic cells. 

Taken as a whole, our observations have led us to conclude that in all 
forms of shock there is histologic evidence of damage to the RES in the 
liver and spleen, with degenerative and necrotic changes. Recent data * 
suggest that the defect in the clotting mechanism, which occurs at this 
time, may also be dependent upon an altered status of the RES. 

Precisely what failing of RES function is involved in irreversible 
shock cannot be determined at the present state of our knowledge. The 
RES is known to participate in a wide variety of biologic processes, de- 
rangement of any of which could undermine vascular homeostasis and 
contribute to the irreversible course of the shock syndrome. 


SUMMARY 


1. Rabbits given 2 appropriately spaced injections of EZ. coli endo- 
toxin, or a single injection of endotoxin following Thorotrast treatment, 
regularly developed the classic generalized Shwartzman reaction, as 
defined by the accumulation of fibrinoid within glomeruli and bilateral 
renal cortical necrosis. 

2. Rabbits subjected to hemorrhagic or superior mesenteric artery 
(SMA) occlusion shock failed to develop the generalized Shwartzman 
reaction, even when they had been pretreated with Thorotrast. 

3. When rabbits with verified coliform bacteria in their intestinal 
flora were subjected to hemorrhagic shock, only 1 of 16 animals devel- 
oped the generalized Shwartzman reaction. 

4. Rabbits given 2 injections of Thorotrast died without the lesions 
of the generalized Shwartzman reaction. 

5. The presence or absence of gram-negative bacteria in the intes- 
tinal tract did not significantly alter the morphologic changes in rabbits 
subjected to shock, Thorotrast, or a combination of the two. 

6. There was evidence of damage to the reticuloendothelial cells in 
rabbits treated with Thorotrast, or endotoxin, and in rabbits subjected 
to shock. 

7. It is concluded on the basis of the present experiments that mor- 
phologic evidence does not substantiate the release of biologically active 
endotoxins into the circulation in experimental shock. 
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LEGENDS FOR FIGURES 


Except where indicated, sections were stained with hematoxylin and eosin. 


Fic. 


Fic. 


Fic. 


Fic. 


1. Glomerulus from a rabbit given 2 injections of 100 yg. of £. coli lipo- 
polysaccharide at 18-hour intervals; died 8 hours after the second injection. 
The glomerular capillaries are congested and contain fibrinoid (red staining 
material). Polychrome stain. X 400. 


2. Glomerulus from a rabbit pretreated with Thorotrast (2 ml. per kg.) and 
subjected to hemorrhagic shock 3 hours later; died 5 hours later. The glomerular 
capillaries contain Thorotrast deposit (blue staining), but no fibrinoid. Poly- 
chrome stain. X 400. 


3. Glomerulus from a rabbit dying 15 hours after 2 injections of Thorotrast 
(2 ml. per kg. and 0.5 ml. per kg.) spaced at 3 hours. The glomerular capillaries 
contain masses of purple-staining substance, which is clearly different from 
fibrinoid. X 400. 


4. Glomerulus from a rabbit given a blocking dose of Thorotrast (2 ml. per 
kg.) and 3 hours later 50 wg. of Z. coli lipopolysaccharide. Animal moribund 
and sacrificed at 24 hours. The glomerular capillaries are filled with fibrinoid; 
small amounts of Thorotrast are present. X 400. 
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Fic. 5. Glomerulus from a rabbit given 2 injections of Thorotrast (2 ml. per kg.) 
and sacrificed 10 hours after the second injection. The glomerular capillaries 
contain abundant amorphous material and small amounts of brown, refractile 
granular substance (arrow). X 1360. 


Fic. 6. Glomerulus from a rabbit given Thorotrast (3 ml. per kg.) followed in 3 
hours by 10 yg. of endotoxin and sacrificed 24 hours later. The glomerular 
capillaries are filled with fibrinoid (pale stained); small masses of Thorotrast 
(arrows) are present. X I100. 


Sept., 1960 EXPERIMENTAL SHOCK 271 


r+, 
j = = 
- 
> 
se 
4 


272 MCCLUSKEY ET AL. Vol. 37, No. 3 


Fic. 7. Liver from a rabbit given Thorotrast (2 ml. per kg.) and sacrificed 2 hours 
later. The Kupffer cells contain abundant granular Thorotrast and are swollen. 
X 1360. 

Fic. 8. Liver from a rabbit receiving Thorotrast (2 ml. per kg.) and sacrificed 24 
hours later. There are clusters of heterophils adjacent to many of the Kupffer 
cells, with fragmentation of both kinds of cells. X 500. 
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Fic. 9. Liver from a rabbit given 2 injections of Thorotrast (2 ml. per kg.) and 
sacrificed 15 hours after the second injection. There is disruption of the 
Thorotrast-laden Kupffer cells and the heterophils. X 850. 


Fic. 10. Liver from a rabbit given Thorotrast (2 ml. per kg.) and sacrificed 7 days 
later. There are nodular accumulations of mononuclear cells in the sinusoids 
around the deposits of Thorotrast. x 425. 
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Fic. 11. Spleen from a rabbit given Thorotrast (3 ml. per kg.); sacrificed 2 hours 
later. There is abundant Thorotrast in the phagocytic cells. x goo. 


Fic. 12. Spleen from a rabbit receiving Thorotrast (3 ml. per kg.) and sacrificed 
24 hours later. There is accumulation of heterophils with considerable karyor- 
rhexis. X goo. 


Fic. 13. Liver from a rabbit subjected to hemorrhagic shock, which died 5 hours 
after blood replacement. There are accumulations of leukocytes in the vicinity 
of Kupffer cells. x 850. 


Fic. 14. Liver from a rabbit subjected to hemorrhagic shock, with death 18 hours 
later. Clusters of heterophils are seen about Kupffer cells. x 850. 
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PHAGOCYTOSIS 


Geratp B. Gorpon, M.D., anp Donatp W. Kine, M.D. 


From the Department of Pathology, Yale University 
School of Medicine, New Haven, Conn. 


Phagocytosis, classically associated with the studies of Metchnikoff,? 
is usually described as the process by which a microscopically visible 
particle is incorporated into a living cell. Most attempts to define this 
process further have met with little success. Almost all forms of particu- 
late matter, living or nonliving, have been observed to be phagocytized 
by some form of cell under proper conditions.?~ Likewise, many now 
feel that all living cells are capable of phagocytosis in the proper en- 
vironment, and the categoric separation into phagocytic and non- 
phagocytic cells is not justified. Epithelial as well as mesothelial cells 
have been found to be phagocytic in tissue culture.* Cells do, however, 
differ markedly in their degree of phagocytic activity im vitro and 
probably also under “normal” conditions in the intact organism. 

This investigation was initiated in an attempt to place the process of 
phagocytosis on a more quantitative basis by the use of Thorotrast, 
which has been previously used as an index of phagocytosis.” Secondly, 
the effect of various metabolic inhibitors was investigated in order to 
determine if phagocytosis could be described as a purely physical 
process. Finally, a unifying concept of phagocytosis, pinocytosis and 
adsorption is proposed. 


MATERIAL AND METHODS 


Strain L fibroblasts were grown in suspension tissue culture on a rotary shaker in 
an incubator.® Each stock 250 cc. Erlenmeyer flask culture initially contained cells 
(200,000 to 300,000 per ml.), Eagle’s basal medium (72 ml.),° horse serum (8 cc.), 
penicillin (100 units per ml.), and streptomycin (100 yg. per ml.). For the phagocy- 
tosis experiments, duplicate aliquots were removed from log growth cultures unless 
otherwise indicated. 

Ehrlich ascites cells were removed from the abdomen of a previously inoculated 
Swiss-Webster mouse and placed in the tissue cultures. These cells have been main- 
tained in this manner in this laboratory for a 6-month period in log growth similar 
to the L strain cultures. The glucose, amino acid, and vitamin content of Eagle’s 
basal medium were doubled, but no other metabolites were added to the medium. 
The method of culturing will be explained in detail in a later publication.” 

Powdered lithium carmine (12 mg.) was added to 1o ml. of Eagle’s medium, 
shaken vigorously and allowed to settle for 20 minutes. The supernatant was decanted 
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and used as a stock carmine suspension. The large aggregates of carmine were lost 
in the settling process, and the average size of the carmine particles ranged from 
rto3y. 

Aliquots of cells (3 ml.) were removed from the L strain or Ehrlich cell stock 
cultures, placed in 25 ml. Erlenmeyer flasks, and then placed back on the rotary 
shaker at 37°C. Aliquots of the stock carmine suspension (0.1 to 0.2 ml.) were 
added to give a concentration of approximately 10 to 20 carmine particles per cell. 
When the effect of temperature or metabolic analogues was being studied, the cells 
were pre-incubated for 30 minutes in the appropriate environment before the carmine 
was introduced. Following 2 hours of incubation at 37° C., the cells were removed, 
washed twice by centrifugation in Krebs-Ringer buffer solution (pH 7.4) and 
examined as a wet mount specimen under the microscope at a magnification of 450 
times. Two hundred cells were counted and the percentage of cells exhibiting 
phagocytosis was listed. Further categorized were those cells containing few intra- 
cytoplasmic particles (less than 5) or many particles (more than 5). At the con- 
clusion of the incubation period, the cells were stained with the vital dye, trypan 
blue, to determine viability. All experiments were considered valid when 95 per cent 
or more of the cells failed to show the dye within their nuclei. 

Thorotrast was obtained as a 25 per cent colloidal suspension of thorium dioxide 
from Testagar and Company, Inc. An aliquot was diluted 1:100 with Eagle’s basal 
medium and used as a stock solution. 

Aliquots of cells (10 ml.) were removed from strain L or Ehrlich cell stock 
cultures, washed, resuspended, and placed in 50 cc. Erlenmeyer flasks. Experimental 
flasks contained 10 cc. of Eagle’s basal medium without serum, cells (300,000 per 
cc.), and Thorotrast (0.2 ml.). This concentration of Thorotrast (0.005 per cent) 
was found to be the maximal amount possible in the extracellular medium which 
would still allow the cells to maintain continuous logarithmic growth through several 
generations. Control flasks containing medium (10 ml.) and Thorotrast (0.2 ml.) 
without cells were also incubated for 2 hours. Following incubation, the cells were 
removed by centrifugation from the flasks. Centrifugations of the medium and 
Thorotrast alone from the control flasks without cells showed that the small ultra- 
microscopic Thorotrast particles did not precipitate at the centrifuge speeds used 
(2,000 r.p.m.). The cells were first washed 3 times in 15 cc. of Krebs-Ringer 
phosphate solution. The fourth and final wash of 1 cc. volume was plated im toto on 
a planchette as a check on the efficiency of the washing procedure. This sample never 
contained any counts above the normal background. The cells were ruptured with 
0.5 cc. of distilled water and plated on planchettes to be counted in a windowless 
Geiger-Mueller counter. The two precautions mentioned, centrifugation of Thoro- 
trast and medium without cells and the counting of the total fourth wash sample, 
made it possible to state that all counts recorded in the Thorotrast experiments were 
associated directly with the cells. The counts were later corrected for self-absorption 
and recorded as counts per minute (cpm) per 10° cells and cpm per mg. of cell material 
(dry weight). All samples were examined in duplicate and average values obtained. 

Respiration studies were carried out with standard 15 cc. Warburg flasks con- 
taining 3 cc. of cells (300,000 cells per ml.) with 0.5 cc. of 20 per cent potassium 
hydroxide in the center well. The standard methods utilized have been previously 
described.” Results were initially recorded as cubic mm. of oxygen consumed per 
mg. of cells (dry weight). The control values were later taken as 100 per cent and the 
experimental results reported as a certain percentage of the controls. 


RESULTS 


Strain L cells demonstrated phagocytosis of carmine granules in 
over go per cent of the cells during a 2-hour incubation period. The 
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incorporation of carmine by fibroblasts required viable cells. No car- 
mine was seen in dead cells previously incubated at 70° C. for 30 min- 
utes; this uniformly permitted the entrance of the vital dye trypan 
blue into the nucleus. The incorporation of carmine was directly re- 
lated to the time of incubation (Table I). A saturation point, in which 


TABLE I 


RATE OF PHAGOCYTOSIS OF CARMINE PARTICLES 
BY L STRAIN FIBROBLASTS 


Cells Cells 
Length of containing containing 
incubation Phagocytosis <s particles >s particles 
(min.) (%) (%) (%) 


4 


4 ° 


15 61 24 37 
30 78 35 43 
60 92 27 65 


97 Ir 86 


Strain L cells (200,000 per ml.) were incubated with carmine (10 to 20 particles per 
cell) at 37° C. in basal medium (10 ml.) in Erlenmeyer flasks (50 cc.) on a rotary shaker 
for 4 hours. Aliquots were removed at the stated periods. The number of cells containing 


intracellular carmine particles are expressed as a percentage of the total numver of cells 
counted. 


TABLE IT 
RATE OF THOROTRAST INCORPORATION BY STRAIN L FIBROBLASTS 


Length of 


incubation 
(min.) Cpm/ cells Cpm/ mg. cells 
I 9.0 84 
15 8.7 8.9 
30 10.0 9.1 
60 9.0 10.0 


240 10.0 11.5 


Strain L cells (200,000 per ml.) were incubated with Thorotrast (0.005%) in basal 
medium (10 ml.) in Erlenmeyer flasks (50 cc.) on a rotary shaker at 37° C. for 4 hours. 
Aliquots were removed at the stated intervals, washed, plated and counted. 


approximately 92 per cent of the cells had incorporated some carmine, 
was reached after 1 hour, and 86 per cent of the cells contained over 5 
granules after 2 hours. However, a similar curve was not obtained with 
Thorotrast. There appeared to be a high initial incorporation of Thoro- 
trast, and the amount of incorporation after 1 hour and 4 hours was 
only slightly greater than that present after 1 minute (Table II). These 
cells were capable of concentrating the radioactivity intracellularly 20- 
fold over the concentration in equivalent volumes of extracellular 
medium. 
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As previously reported, strain L cells show a growth curve similar 
to bacteria cultures.’* This consists of a lag phase, log growth phase, 
and stationary period.’* Since it appeared of interest to determine if 
the cells were really phagocytic during different stages of the growth 
cycle, aliquots were removed from the stock culture daily and tested 
for their ability to phagocytize carmine granules. As shown in Table 
III, there appeared to be a marked decline in total number of phagocytic 
cells in the older culture. 


TABLE III 
EFFECT OF AGE OF CULTURE UPON PHAGOCYTIC ABILITY OF STRAIN L FIBROBLASTS 


Cells Cells 
containing containing 
Cell count Phagocytosis <5 particles >s5 particles 
108 cc. (%) (%) (%) 


350 98 8 90 
450 100 4 96 
810 98 7 oI 
1000 63 36 27 
900 53 27 28 


Aliquots of cells were removed from stock cultures daily and phagocytosis measured after 
incubation for 1 hour. 


TABLE IV 
EFFECT OF SERUM ON PHAGOCYTOSIS BY STRAIN L CELLS 


Cells Cells 
containing containing 
Concentration Phagocytosis <s5 particles >s5 particles 
of horse serum (%) (%) (%) 


0% 92 
5% 96 85 
10% 97 89 
15% 98 87 


Cells were removed from a stock culture, washed, and phagocytosis assayed after equal 
aliquots were re-incubated with varying concentrations of horse serum. 


Frequent references are found in the literature to the phagocytosis- 
promoting ability of specific serum, perhaps related to immune globu- 
lins.? Accordingly, strain L cells removed from stock cultures were 
washed in the sterile basal medium and resuspended in a medium con- 
taining various concentrations of horse serum. The total phagocytic 
percentage after 2 hours’ incubation with carmine varied only slightly 
in different serum concentrations, and little significance could be 
attributed to the presence of serum (Table IV). However, the cells 
incubated with serum showed more particles per cell, and samples taken 
after shorter incubation periods might have shown larger differences. We 
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have also confirmed the reports of others that phagocytosis of starch 
granules requires the presence of specific serum and complement.™* 

The process of phagocytosis was originally thought to be purely a 
physical phenomenon.*** Since most metabolic processes are con- 
siderably slowed and energy requirements are minimal at lower tempera- 
tures, aliquots from stock cultures were incubated with carmine in the 
cold at 4° C. (Table V). Incubation at low temperatures almost com- 
pletely abolished the phagocytosis of carmine particles; when the cells 
were re-incubated at 37° C., the phagocytic process quickly resumed. 
Conversely (Table VI), low temperatures had no effect on the incorpo- 
ration of Thorotrast into cells, and the amount incorporated remained 
the same at both 4° and 37°C. It thus appears that the incorporation 
of Thorotrast is not an energy-dependent reaction. 


TABLE V 
EFFECT OF COLD ON PHAGOCYTOSIS OF CARMINE BY STRAIN L CELLS 


Cells Cells 
containing containing 
Phagocytosis <s particles >s5 particles 
Environment (%) (%) (%) 


5° C. 3 3 ° 
37°C. 94 31 63 


Cells were first incubated with carmine for 2 hours at 5° C. on a rotary shaker and 
phagocytosis assayed on an aliquot. Following this, cells were transferred to an incubator 
at 37° C., and after one hour of incubation, phagocytosis was re-assayed. 


TABLE VI 
EFFECT OF COLD ON INCORPORATION OF THOROTRAST BY STRAIN L CELLS 


Environment Cpm/ro° cells Cpm/mg. cells 


13.4 17.2 
37° C. 12.8 17.2 


Cells were incubated with Thorotrast (0.005%) as described in Table V. 


TABLE VII 


PHAGOCYTOSIS IN N2-ADAPTED AND FLUORIDE-INHIBITED STRAIN L CELLS 


Cells Cells 
containing containing 
Phagocytosis <5 particles >s5 particles 
Culture (%) (%) (%) 


Control cells 99 4 


95 
Control cells (NaF) 10°M 57 38 19 
Ne-adapted cells 98 8 90 
Ne-adapted cells (NaF) 1o°M 32 25 7 


Nitrogen-adapted cells were grown through 4 generations in an atmosphere of 95% 
nitrogen, 5% carbon dioxide. Equal aliquots from these and control cultures were re- 
incubated with carmine for 2 hours at 37° C. in the presence of sodium fluoride (10%M). 
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Although energy is apparently required for carmine phagocytosis, 
the amount of energy and the source have been in controversy. Most of 
the adenosine triphosphate (ATP) normally generated in the cell re- 
sults from oxidation of substrates in the Krebs cycle while compara- 
tively small amounts of ATP are generated during anaerobic degrada- 


TABLE VIII 
EFFECT OF METABOLIC INHIBITION ON PHAGOCYTOSIS OF CARMINE BY STRAIN L CELLS 


Cells Cells 
containing containing Respiration 
Phagocytosis <s particles >s particles % of 
Inhibitor (%) (%) (%) control 


Sodium cyanide 

(107M) 32 
Sodium cyanide 

(10°%M) 58 
Sodium fluoride 

(10M) 53 
N-ethyl maleimide 

(10°%M) 98 
Colchicine 

(10°M) 14 
Colchicine 

(10*M) 87 
Parafluorophenylalanine 

(5 X 10°M) 25 
Parafluorophenylalanine 

(10°%M) 94 
Urany] nitrate 

(10°M) 8 
Urany] nitrate 

(10*M) 95 
6-mercaptopurine 

(10°M) 74 
6-mercaptopurine 

(10%M) 95 
8-azaguanine 

(107°M) 92 100 
8-azaguanine 

(10°M) 99 


Cells were first removed from stock cultures and pre-incubated for 30 minutes in the 
presence of the appropriate antagonist at 37° C. on a rotary shaker. Equal aliquots of cells 
and media were then removed for incubation with carmine and for measurement of oxygen 
consumption. 


tion of glucose. The results showed that cells maintained in nitrogen 
for 24 hours retained their phagocytic ability to a high degree (Table 
VII). When sodium fluoride was introduced, the cells incubated in ni- 
trogen showed evidence of greater damage to their phagocytic ability. 
This is in accordance with the knowledge that this drug principally 
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affects enolase, an enzyme in the glycolytic cycle. However, when cells 
were maintained in nitrogen for 6 to 8 days, they lost both their ability 
to divide and to phagocytize carmine particles. 

Further experiments were carried out with a large number of meta- 
bolic antagonists, including substances known to inhibit aerobic and 
anaerobic glycolysis, protein synthesis, nucleic acid synthesis, mem- 
brane function, and cell division. Reported in Table VIII are the effects 
on phagocytosis following incubation with the antagonists. The effect 
on respiration is recorded as a percentage of the normal controls. At 
high concentrations, several drugs, including cyanide, fluoride, colchi- 
cine, parafluorophenylalanine, and uranyl nitrate markedly inhibited 
phagocytosis. However, at these concentrations, respiration was also 
markedly reduced. Apparently these antagonists had a fairly general 
effect, and phagocytosis was not related to any specific cellular activity. 
Table IX lists the results when similar concentrations of sodium cyanide 
and parafluorophenylalanine were used. While these drugs, in similar 


TABLE IX 
EFFECT OF METABOLIC INHIBITORS ON INCORPORATION OF THOROTRAST 


Inhibitor Cpm/ to cells Cpm/mg. cells 


Control 13.4 
Sodium cyanide (10M) 13.6 
Colchicine (107M) 


17.2 
16.4 


10.9 15.6 


Cells were pre-incubated at 37° C. for 30 minutes in the presence of appropriate metabo- 
lite. Equal aliquots of cells and medium were then removed for incubation with Thorotrast 
(0.005%). 


concentration, showed a marked inhibition of the phagocytic process 
with carmine granules, there was very little effect on Thorotrast incorpo- 
ration. 

In continuation of the same line of experiments, duplicate cultures of 
cells were grown in concentrations of colchicine and parafluorophenyla- 
lanine, which prevented division. Colchicine is a well known inhibitor 
of division by blocking the cells in a metaphase, and parafluorophenyla- 
lanine ultimately inhibits protein synthesis. We have previously re- 
ported that L cells in the proper concentrations of these drugs maintain 
approximately the same cell number for a period of 3 days.’ Aliquots 
of cultures incubated for 3 days under these conditions showed no 
change in the total phagocytic index of carmine granules nor in the 
incorporation of Thorotrast (Tables X and XI). 

Finally, phagocytosis of carmine granules and incorporation of 
Thorotrast were compared in L strain cells and Ehrlich ascites cells. 
Although Ehrlich cells have occasionally been seen with what appeared 
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to be a remnant of a red blood cell or an intracellular vacuole, under 
the conditions of these experiments, they failed to incorporate any 
carmine granules (Table XII). There is one report of mouse ascites 
cells phagocytizing particles, but the specific cell was not mentioned.'® 
Ehrlich cells, however, took up Thorotrast avidly, showing results very 
similar to L cells (Table XIII). 


TABLE X 
EFFECT OF COLCHICINE AND PARAFLUOROPHENYLALANINE ON CARMINE PHAGOCYTOSIS 
Cells Cells 
containing containing 
Cell count x 10°/cc. Phagocytosis <5 particles >5 particles 
Culture Day 1 Day 2 Day 3 (%) (%) (%) 
Control 300 450 gIo 95 13 82 
Colchicine 300 310 330 90 9 81 
(8 X 10°M) 
Parafluoro- 
phenylalanine 300 310 340 91 22 69 
(8 X 10*M) 


Duplicate identical subcultures contained appropriate concentrations of colchicine and 
parafluorophenylalanine sufficient to stop growth. Equal aliquots were removed at the end 
of the third day for incubation with carmine and measurement of phagocytosis. 


TABLE XI 


UPTAKE OF THOROTRAST IN CULTURES INHIBITED BY COLCHICINE AND 
PARAFLUOROPHENYLALANINE 


Cell count 10*/cc. 


Culture Day 1 Day 2 Day 3 Cpm Cpm/mg. Cpm/r100,000 cells 
Control 300 450 gio 163 23.1 18.4 
Colchicine 300 310 330 76 22.6 22.2 
(8 X 10°M) 

Parafluoro- 
phenylalanine 300 310 340 60 21.4 18.0 
(8 10*M) 


Cultures were set up as described in Table X. Equal aliquots were removed at end of 
the third day for incubation with Thorotrast (0.005%). 


TABLE XII 
THE PHAGOCYTOSIS OF CARMINE PARTICLES BY STRAIN L AND EHRLICH ASCITES CELLS 
Strain L cells Ehrlich cells 
Exper. 1 Exper. 2 Exper. 1 Exper. 2 
% cells showing phagocytosis 97 95 ° ° 
% cells containing < 5 particles 86 83 ° ° 
% cells containing > 5 particles II 12 ° 
% cells containing no carmine 
particles 3 5 100 100 


Equal aliquots of strain L cells and Ehrlich ascites cells were incubated with carmine 
and the per cent of phagocytosis recorded after 2 hours. 
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DIscussIon 


The process of phagocytosis characteristically is thought to occur in 
3 stages. The initial chemotactic attraction of the cell for the particle 
is separate from the actual incorporation into the cell. The breakdown 
by the intracellular digestive enzymes is a final step, distinct from the 
2 previous stages. Many particulate substances such as carbon, quartz, 
and carmine show no chemotactic influence. The latter has been shown 
not to interfere with the normal process of division,” although there is 
no evidence of intracellular degradation. 

The early workers on phagocytosis suggested that surface forces 
were of prime importance and the entire process did not require en- 
ergy.'*”° However, many authors '**° have suggested that phagocytosis 
could not proceed in the absence of an energy-synthesizing system. Two 
authors **?® reported that phagocytosis could occur in an anaerobic 


TaBLe XIII 
INCORPORATION OF THOROTRAST BY STRAIN L AND EHRLICH ASCITES CELLS 


Cpm/ mg. cells Cpm/mg. Cpm/cells 
Exper. 1 Exper. 2 Exper. 3 


Strain L cells 29.0 34.8 36.5 
Ehrlich cells 22.8 30.7 48.0 


Equal aliquots of strain L cells and Ehrlich ascites cells were incubated with Thorotrast 
(0.005%) for 2 hours and the amount of incorporation noted. 


atmosphere, while a third® believed that phagocytosis depended en- 
tirely on stored energy. The problem could not be resolved with most 
of the previous experiments because of the short-term nature of the 
incubation period. Most experiments reported were of 3 hours or less 
incubation under an anaerobic environment. Under these conditions, we 
also have shown that phagocytosis was not only able to proceed nor- 
mally, but that these cells were more sensitive to inhibitors of the glyco- 
lytic anaerobic enzymes. However, cells which were maintained under 
complete anaerobic conditions for 6 to 8 days were incapable of divi- 
sion and of phagocytosis even though viability tests with vital dyes 
showed that they were not dead. When inhibitors were in sufficient con- 
centration to reduce respiration by 50 per cent or more, phagocytosis 
was markedly reduced. It must be remembered that in the high con- 
centrations used, the specificity of the inhibitor is lost and the activity 
of many enzymes both in the respiratory and glycolytic cycles is di- 
minished., It is true that respiration produces approximately 8 times as 
many ATP molecules per mole of glucose as anaerobic glycolysis. How- 
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ever, the incorporation of amino acids into microsomal protein in vitro 
proceeds equally well with or without mitochondrial respiratory en- 
zymes, provided an energy-generating system is present.2* Warburg 
has also commented on the high protein-synthesizing abilities of Ehrlich 
ascites cells in a relatively anaerobic environment.”” 

Once it is accepted that a particular cellular function (in this case, 
phagocytosis) requires energy, it is doubtful if it is of great value to 
try to compare in vitro studies with actual events occurring in vivo. 
There are many factors in the intact mammalian organism which 
will determine the cell’s ability to survive relative anaerobiosis. The 
energy requirements associated with other cellular functions such as 
protein synthesizing obligations, transport responsibilities, and response 
to various toxic environments may change the energy available for 
phagocytosis markedly at any one period. At present it is not known 
what precedent exists among cellular functions although presumably 
some hierarchy is present. Two additional variables are the amount of 
stored or reserve high energy bonds and the ability of cells to adaptively 
increase the glycolytic enzyme and substrate concentrations which would 
result in increased net synthesis of ATP molecules. 

The inhibition of phagocytosis by two agents usually not considered 
energy inhibitors deserves an added comment. The inhibition by col- 
chicine is most interesting when considered with Goldacre’s hypothesis 
on phagocytosis. He believed osmotic work was produced by folding and 
unfolding of protein, thus enabling substances to be transported into 
the cell.** Colchicine, an inhibitor of division, has been thought to act 
by inhibiting denaturation of protein,* and though not known, it is 
presumed that there is a reversible protein denaturation in the mem- 
brane when a particle is engulfed. The proposed effect of colchicine on 
preventing unfolding of the spindle proteins might be transferred by 
analogy to the membrane proteins. The inhibition of phagocytosis 
could then be explained by its inhibition of protein transformation in 
the membrane. However, colchicine has also been found to inhibit 
ATPase in high concentration,” and this would result in a lack of energy 
similar to that of other metabolic antagonists. 

Urany] nitrate could also be active in inhibiting phagocytosis in one 
of two ways. Barron, Muntz and Gasvoda postulated *° that the uranyl 
ion combines with the protein portion of the cell membrane and thus 
renders it impermeable. This linkage with protein again might interfere 
with reversible unfolding processes which probably occur during phago- 
cytosis. Horowitz and Rothstein believed, on the other hand, that the 
uranyl ion affects respiration by forming a highly undissociated complex 
with specific loci on the surface of the cell.?” These complexes would 
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interfere with carbohydrate metabolism by preventing phosphorylation 
reactions on the surface of the cell and would thus prevent a transfer 
of hexoses into the cell. Besides interfering with a transport process, the 
secondary effect of a glucose deficiency would interfere with ATP syn- 
thesis. 

The incorporation of Thorotrast was originally investigated in an 
attempt to demonstrate a more quantitative assay for phagocytosis. In- 
corporation of this substance does not appear to be energy or time de- 
pendent, both of which would be expected with normal transfer processes 
such as phagocytosis, pinocytosis, or active transport. Thorotrast is a 
very small molecule, microscopically invisible except when aggregated, 
and there is little evidence for identifying it as a phagocytic process in 
the classical sense. Indeed, it has been found to aggregate in the sup- 
posedly poorly phagocytic endothelial cells.2* We are inclined to regard 
this substance in a category similar to that of radioactive colloidal gold. 
Gosselin refers to the process as ultraphagocytosis and postulates first 
a reversible physical adsorption on the cell wall and subsequent irre- 
versible removal into the cell.2® A non-energy adsorption process for 
the fat moiety of lipoprotein has also been postulated by Fillerup, 
Migliore and Mead.*° 

Two potentially important roles in the process of phagocytosis have 
not received much attention. The first is a nutritional role. It is prob- 
able that when a large particle is phagocytized, comparatively enormous 
amounts of fluid, containing water, ions, sugars, amino acids, and 
nucleotides, are also incorporated into the cell from the extracellular 
fluid. These substances are generally thought to pass the plasma mem- 
brane by diffusion, active transport, or pinocytosis. Perhaps in an 
inflammatory area, phagocytosis serves a highly important function in 
supplying the increased nutritional requirements of active, rapidly 
metabolizing phagocytic cells. 

The second role may occur in the incorporation of viruses. The mech- 
anism by which bacteriophage is incorporated into bacterial cells has 
been well elucidated.** The mode of transfer of animal viruses remains 
speculative. Most of the explanations given for the incorporation of 
mammalian virus in reality presuppose a modified form of phagocytosis. 
The viral particle is first attached to the cell membrane, and subse- 
quently cytoplasm flows around it, perhaps with dissociation of the pro- 
tein nucleic acid complex. After a finite period of time, the particle is 
found deep within the cytoplasm. 

Newer concepts of cell structure provide an interesting explanation 
for the differences encountered in carmine phagocytosis and Thorotrast 
incorporation. In addition, they provide a unifying concept for phago- 
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cytic, pinocytic, and adsorption phenomena. Electron micrographs of 
many cells show invaginations of the outer cell membrane termed 
caveolae intracellulares. Recently, evidence has been presented to show 
direct continuity between caveolae intracellulares and canaliculi of the 
endoplasmic reticulum.* Ions, water, and small substrates, according to 
this hypothesis, may pass freely into intracellular cisternas. In this sense, 
fluid deep in the cytoplasm may be in equilibrium and in a state identi- 
cal with the extracellular environment. The manner of passing across the 
endoplasmic reticulum membrane remains unexplained and for most 
substances presumably involves active enzymatic transport. 

With this concept in mind, we believe that the small Thorotrast 
molecules pass freely into the cell and are adsorbed homogeneously on 
the endoplasmic reticulum membrane. This occurs in the cold, regard- 
less of the activity of energy-synthesizing mechanisms and is not in- 
hibited markedly by metabolic antagonists. Probably over a long period 
of time aggregates of the particles could accumulate in the intracellular 
cisterna and appear as phagocytized particles. 

Pinocytosis would require a greater widening of both the caveolae 
intracellulares and the canaliculi to accommodate larger molecules, 


\ and protein rearrangement of this nature would entail some energy ex- 


penditure. The amount of pinocytosis is probably partially regulated 
by the requirements of the cell, as an actively metabolizing cell is as- 
sociated with more active pinocytosis. 

Phagocytosis, the engulfment of microscopically visible particles, may 
represent the final modification of this basic process. As observed with 
the phase microscope, microscopically visible sol gel transformations 
occur in the cytoplasm on each side of the phagocytized particle. One 


, may speculate that the vacuole surrounding the particle is lined by endo- 


plasmic reticular membranes, rearranged in a pattern somewhat similar 


' to that seen in emphysema of the lung. This process would require 


energy. Carmine may not be degraded intracellularly, but other en- 
gulfed particles such as bacteria are ultimately dissolved. Theories re- 
garding degradation of ingested particles by hydrolytic enzymes re- 
leased from lysosomes must await further study. 


SUMMARY 


Phagocytosis of carmine by L cells is an energy dependent process 
which may proceed under anaerobic conditions of short duration. 

Incorporation of Thorotrast is a non-energy dependent process most 
closely resembling a physical adsorption phenomenon. 

The role and possible mechanisms of phagocytosis are discussed. 
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PROGRESSIVE INTERCAPILLARY GLOMERULOSCLEROSIS 
IN THE MOUSE, RAT, AND CHINESE HAMSTER, 
ASSOCIATED WITH AGING AND X-RAY 
EXPOSURE 


Paut H. Gutrman, M.D., Pa.D., anp Henry I. Konn, M.D., Px.D. 


From the Cancer Research Institute and the Radiological Laboratory, 
University of California School of Medicine, San Francisco, Calif. 


When the kidneys of CAF: and BALB/c mice were examined histo- 
logically to determine the late effects of whole-body irradiation and of 
aging, a progressive lesion was found which involved principally the 
intercapillary supporting cells or the so-called mesangium of the 
glomeruli. Similar changes were also seen in the glomeruli of A/Vi mice, 
Chinese hamsters, and AC(I) rats. Contrary to the observations of 
Lamson and associates +? in Wistar rats, Furth and colleagues * in LAF: 
mice, and Cole, Nowell and Ellis* in LAF: mice, sclerosis of small 
glomerular vessels was rarely seen in our normal and irradiated CAF: 
and BALB/c mice. Since, to our knowledge, the glomerular lesions 
found in our study have not hitherto been described, a histologic inves- 
tigation was made in an effort to trace their histogenesis and to deter- 
mine what effect late irradiation may have on their progress. 


MATERIAL AND METHODS 
Animals 

Mice were obtained from the stock of the Cancer Research Genetics Laboratory, 
University of California, Berkeley. Three kinds were used: inbred strains BALB/c 
and A/Vi, and the CAF: hybrid from crossing BALB/c females with A/Vi males. 
The rats were of the A X C/g935 (Irish agouti) inbred strain, bred in our labora- 
tory. The Chinese hamsters were obtained through the courtesy of Dr. George 
Yerganian, Children’s Cancer Research Foundation, Boston. The two younger 
animals were from BUY-11 mothers; the two older were from BUY-7 and BUY-8 
mothers. 

All of the animals were housed in drawer-type cages with wire mesh floors and 
were fed Purina Laboratory Chow Checkers and tap water ad libitum. 

The BALB/c mice were sacrificed during the course of an experiment in which 
mortality rate and tumor incidence were under study.’ The CAF: mice 385 days of 
age and older were from a similar experiment not yet reported. 


Irradiation 
A single exposure to the entire body was given to some of the animals. The 
radiation factors were: 250-kvcp x-rays, HVL 1.5 mm. Cu, exposure dose rate in soft 
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tissue ~ 45 r per minute. The radiation dose in Table I is the exposure dose in soft 
tissue. The absorbed dose in rads would be about 5 per cent less. 


Tissue Technique 


The tissues were fixed immediately after sacrifice in a modified Tellyesniczky’s 
fluid (737 cc. of 95 per cent alcohol, 100 cc. of neutral formalin, 50 cc. of glacial 
acetic acid, 200 cc. of water). After 24 hours the tissue was transferred to 80 per 
cent alcohol, dehydrated in amyl acetate, and embedded in paraffin. Sections were 
cut at 4 w and were stained as follows: trichrome stain of Gomori; Weigert’s elastic 
tissue stain; hematoxylin and eosin; the Kramer and Windrum® method for meta- 
chromasia, using concentrated sulfuric acid; Mowry’s colloidal iron-periodic acid- 
Schiff stain’; Alcian blue; crystal violet; Lison’s toluidine blue; periodic acid- 
Schiff (PAS) stain (Lillie’s modification) ; Wilder’s reticulum stain; modified * Rine- 
hart and Abul-Haj stain for mucopolysaccharides *; Van Gieson stain; azocarmine 
of Heidenhain; Peers’s modification of Mallory’s phosphotungstic acid-hematoxylin 
(PTAH); and Weigert’s stain for fibrin. In addition, preparations were examined 
with phase contrast microscopy. 


OBSERVATIONS AND RESULTS 
Structure of Normal Mouse Glomerulus 


In order to evaluate the changes in the glomeruli of aging mice, an 
understanding of the normal structure of the mouse glomerulus was es- 
sential. A series of normal young mice was sacrificed at ages 36 to 254 
days, and the kidneys were prepared as described above. 

Three cellular elements were clearly defined in the glomerulus of a 
normal mouse: a visceral epithelial layer which covered the surface of 
the glomerular tuft, an inner lining of endothelial cells, and a third type 
of cell, the intercapillary cell (IC cell), or mesangial cell, which formed a 
highly developed supporting structure in the glomerulus (Fig. 1). The 
epithelial cells had pale, finely granular chromatin structure and deli- 
cate nuclear membranes; the cytoplasm appeared finely granular and 
was faintly basophilic. The endothelial cells were small, with oval to flat 
nuclei of coarse chromatin structure, and there was scant cytoplasm. 
With the Rinehart-Abul-Haj stain, a refractive, pale lemon-yellow mem- 
brane formed a thin layer on the inner surface of the basement mem- 
brane; this inner membrane is interpreted as being the attenuated ex- 
tension of the endothelial cytoplasm. The IC cells contained abundant 
cytoplasm which stained orange-yellow with the cochineal of the 
Rinehart-Abul-Haj stain and brownish-yellow with PTAH. The cyto- 
plasm was attenuated, branched, and appeared to fuse with adjacent IC 
cells. The nuclei were larger than those of the endothelial cells, and 
showed moderate pleomorphism and irregularity. They exhibited a 
coarse chromatin pattern and a prominent nucleolus. These cells were 


* The colloidal iron used in the Rinehart-Abul-Haj stain was prepared according to the 
Miiller modification, as suggested by Mowry.’ This proved to be more stable than the 
preparation originally used, and the results were easily reproducible. 
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embedded in a ground substance, staining light blue with colloidal iron 
and pink with the PAS procedure. 

In sections obtained from the hilus of the glomerulus, which included 
the afferent arterioles, the IC cells appeared continuous with the 
perithelial elements surrounding the arteriole and extended into the 
glomerulus about the main branches of the afferent vessels. The IC cells 
formed a thick mantle about the dilated intraglomerular portion of the 
afferent artery. From the hilus, the cells fanned out in fingerlike proc- 
esses, 3 to 5 per section, and extended almost to the peripheral margin 
of the glomerular tuft, forming delicate columns, or the so-called axes, 
supporting the glomerular capillary loops (Fig. 2). In sections taken at 
right angles to the axes, the IC cells were distributed fairly evenly. 
These were clearly identifiable by cytoplasmic staining, nuclear struc- 
ture, and their relation to the basement membrane and ground sub- 
stance. 

The orientation of the IC cells with respect to the capillary wall and 
the basement membrane was investigated by means of PAS stains, 
colloidal iron, the sulfonation technique of Kramer and Windrum,* and 
phase contrast microscopy. Kramer and Windrum demonstrated that 
when tissues were treated briefly with concentrated sulfuric acid, base- 
ment membranes and ground substance were stained metachromatically 
as a result of sulfonation of the acid polysaccharides. With this tech- 
nique, the afferent artery showed a well defined basement membrane be- 
neath the endothelium. A distinct latticework of similar structure ex- 
tended outward from the basement membrane to enclose the perithelial 
cells. This structure could be followed into the glomerulus where the 
continuity of the basement membrane of the afferent vessel with that 
of the main capillary branches was clearly demonstrable. The lattice- 
work of basement membrane substance in the outer wall of the afferent 
vessel could be traced into the glomerulus where it formed a complex 
network enclosing the IC cells at the hilus. As one approached the 
central and peripheral portions of the tufts, this orientation was difficult 
to follow. However, it was possible to demonstrate strands from the 
capillary basement membrane that ramified among the IC cells (Fig. 3). 
These findings with light microscopy are in agreement with those of 
Yamada,® who, with electron microscopy, found that the basement 
membrane of the capillary wall continued over the IC cells and, in ad- 
dition, sent out small processes which formed a coarse, spongelike net- 
work enmeshing the IC cells. As stated by Mueller,’° fingerlike projec- 
tions extending from the basement membrane around and through the 
cells of the stalk are present in electron micrographs of most observers; 
he is of the opinion, however, that these may be due to tangential sec- 
tions of wrinkled membranes. 
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In thin sections at the peripheral capillary tufts, cytoplasmic proc- 
esses of the IC cells appeared to penetrate the basement membrane of 
the capillary wall, breaking its continuity and establishing intimate 
contact with the endothelium. This relationship was also observed by 
Yamada.° Inasmuch as the IC cells are enveloped by basement mem- 
brane substance arising from the capillary basement membrane, one 
cannot conclude that these cells are within the capillary lumen because 
they are within the confines of the basement membrane. 

In respect to the existence of the third type of cell described—the 
IC cells—the authors’ views are consistent with the observations of 
Policard, Collet and Giltaire-Ralyte," Zimmerman,” MacCallum,”® 
Kimmelstiel,“* McManus, Lupton and Graham,’° Yamada, Churg and 
Grishman,”® and Jones.’7 They are opposed to the views of Hall,'* 
Dalton,’® Rinehart, Farquhar, Jung and Abul-Haj,?° Mueller, Mason 
and Stout,”2 Farquhar and associates,?* Kurtz,?* Pease,”> and Vim- 
trup,”° who recognize only two types of cells forming the capillary struc- 
ture of the glomerulus, namely, endothelium and epithelium. Since the 
controversy on the structure of the normal glomerulus has been well 
covered in the excellent review of the older literature by McGregor” 
and in the recent literature by Mueller,’ the reader is referred to these 
articles for further information. 

In summary, the histologic basis for recognition of a third type of 
cell in the glomerulus is as follows: (a) continuity of the IC cell with 
perithelial elements of afferent arterioles; (b) selective staining of the 
cytoplasm in IC cells; (c) envelopment of IC cells in ground substance; 
(d) relation of the IC cell to the basement membrane of the capillary 
and to the intercapillary basement membrane; (e) arrangement of IC 
cells to form supporting structures to glomerular capillary loops. 


Description of Glomerular Changes in the Aging and Irradiated Mouse 


The principal alterations were found in the intercapillary cells and 
spaces. The Rinehart-Abul-Haj stain and the PTAH stain proved most 
valuable in studying these cells and the ground substance. The cyto- 
plasm of the IC cells stained selectively with these stains, exhibiting a 
brilliant orange-yellow color with the cochineal component of the former 
and brownish-yellow with the latter. The ground substance stained light 
blue with colloidal iron, and the contours of the basement membranes 
were clearly defined. There was a gradual thickening of the mesangial 
axis, owing to an increase in the number and size of the IC cells. In the 
early lesions, the IC cells maintained their normal orientation (Figs. 4 
and 5); later they became irregularly grouped in clusters and exhibited 
irregularity in size and shape of their nuclei. An appreciable increase in 
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cytoplasm was noted (Fig. 6). Only rarely, a concentric arrangement of 
these cells was noted. PAS-positive substance in the form of irregular 
fibrillar material was seen in increasing quantities engulfing the IC cells. 
Rarely, small clumps of dense hyaline material were seen, staining 
positively with PAS and deep blue with azocarmine. With the increase of 
PAS-positive material in the intercapillary spaces, there was a gradual 
loss of colloidal iron-positive-staining ground substance. Reticulum 
stain showed the presence of fine and coarse threads of silver impreg- 
nated fibers in the thickened intercapillary spaces in the hilus, but rarely 
in the peripheral portions of the glomeruli. Collagen fibers were ex- 
tremely rare; when present, these were found in the hilus and not in the 
peripheral areas. 

Although the basement membrane appeared thickened with PAS stain 
and with azocarmine, with phase contrast microscopy and the Kramer- 
Windrum technique this was not verified. Phase contrast microscopy of 
PAS-stained slides clearly showed a basement membrane of approxi- 
mately normal diameter embedded in PAS-positive material. This ob- 
servation casts some doubt that the PAS reagent and colloidal iron 
actually stain the basement membrane. It is more likely that the con- 
tours of the membranes are visualized as a result of staining of the 
mucopolysaccharides deposited on their surfaces. Sections of advanced 
lesions stained with periodic acid-silver methenamine showed the pres- 
ence of knob-like excrescences on their outer surfaces, imparting a 
coarsely serrated appearance to the basement membranes. Whether this 
represents actual thickening of the membranes or deposits of muco- 
polysaccharides in the interstices of the foot processes is not clear. 

In far advanced lesions, the main body of the glomerulus was occu- 
pied by thickened mesangium with compression and obliteration of the 
capillaries. The capillary loops remained patent only along the periph- 
eral margins of the glomerulus (Fig. 7). In PAS-stained sections and 
with phase contrast microscopy, these late stages showed folding and 
moderate wrinkling of the basement membrane. Collapse of the capil- 
laries produced areas composed of closely matted strands of basement 
membrane (Fig. 8). 

The endothelial cells did not show any evidence of proliferation. There 
was no indication of an intracapillary deposition of fibrin or hyalin. In- 
flammatory exudate was seen neither within nor outside the capillaries. 
The epithelium exhibited no evidence of proliferation. 

The basement membrane of Bowman’s capsule appeared thickened in 
aging animals; this thickening, however, did not always parallel the 
glomerular alterations. There was no evidence of proliferation of the 
parietal layer. As a rule, the changes in the IC cells preceded by a long 
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interval the thickening of the basement membrane of Bowman’s capsule. 
With increasing severity of the lesions, secondary changes were seen in 
the other parts of the kidney: cystic tubular atrophy was common, 
large numbers of casts appeared in the collecting tubules, and moderate 
interstitial fibrosis was noted. Only very rarely was there sclerosis of the 
afferent arterioles or interlobular arteries. Subintimal hyaline deposits 
were not observed in the afferent arterioles. Examination of the medulla 
showed no indication of inflammation or of the amyloid papillonephritis 
described by Dunn.”® The lesions of spontaneous nephritis in mice de- 
scribed by Kirschbaum, Bell and Gordon **:*° were not encountered in 
any of our animals. 

The glomerular changes in untreated and in irradiated mice were 
similar in structure and development. To estimate the degree of involve- 
ment, the glomeruli were graded as follows: 0, normal; I, doubtful (Fig. 
4); II, mild (Fig. 5); III, moderate (Fig. 6); IV, marked (Fig. 7). The 
grade for a kidney was the sum of numerical grades in 25 glomeruli 
chosen at random. No differences were found between the results for 
males and females, and the data for both sexes in each group were there- 
fore pooled. 

The data relating intercapillary sclerosis to age are summarized in 
Table I for the 3 kinds of mice studied. Each entry in the table consists 
of the average grade for a group, the standard deviation of the grade, 
and, in parentheses, the number of animals in the group. In the case of 
the nonirradiated mice, it was clear that sclerosis increased progressively 
with age during the first 2 years of life. The maximum degree may have 
occurred somewhat earlier in the BALB/c strain than in the CAF: 
hybrid. With quantitative grading, differences could be established dur- 
ing the first year of life. 

Irradiation effected an increase in the degree of sclerosis, but only after 
a latent period during which no differences were noted. The duration of 
the latent period in the CAF: hybrid depended on the age of the animals 
at the time of irradiation. Animals irradiated at age 385 days did not 
differ in degree of sclerosis from the controls one year later (age 650 to 
799 days), but did differ from them 490 days later (age 800 to 949 
days); animals irradiated at age 550 days did not differ from the con- 
trols 175 days later, but did differ 325 days later (age 800 to 949 days); 
animals irradiated at age 730 days did not differ 140 days later. 

In the case of the BALB/c strain irradiated at age 435 days, a sig- 
nificant increase in sclerosis was noted 290 days later (age 650 to 799 
days). 

For some of the animals graded in Table I, the weights of the kidneys 
and hearts were available. The data, analyzed separately for males and 
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females, showed that the radiation-induced increase in sclerosis was not 
consistently associated with either an increase or a decrease in cardiac 
or renal weight (Table IT). 


TABLE II 
INTERCAPILLARY GLOMERULOSCLEROSIS AND ORGAN WEIGHT 
X-ray Age at No. Kidney 
dose sacrifice of Grade Weight Heart 
Mouse Sex (r) (days) mice (mg.) (mg.) 
CAF; M ° 800 to 949 5 59 484 165 
55° 4 71 552 158 
F ° 800 to 949 7 53 423 140 
550 7 76 409 150 
BALB/c M ° 683 to 786 6 47 583 177 
550 9 59 541 157 
F ° 683 to 786 6 47 428 130 
550 9 59 421 129 


Glomerular Changes in the Aging Rat and Chinese Hamster 


Examination of a small series of young and old rats and Chinese 
hamsters led to the conclusion that a significant increase in intercapil- 
lary glomerular sclerosis occurred in these animals with age. The ap- 
pearance of the progressive lesion was strikingly similar to that observed 
in mice. The IC cells were well developed in both species, and the 
mesangium could be readily identified. It appeared, however, that the 
mesangium was more highly developed in the mouse than in the rat, the 
hamster being intermediate. The animals were examined as follows: 
4 rats aged 80 days; 4 rats aged 835 days; 2 hamsters aged 66 days; 
2 hamsters aged 745 days. The differences between the young and old 
animals were striking; the degree of intercapillary sclerosis was not 
as marked, however, as in the mouse. 


DISCUSSION 


The glomerular alterations described in this paper are similar in 
many respects to those described by Kimmelstiel ** in man. Kimmelstiel 
described broadening of the supporting connective tissue of the glomeruli 
which at first appeared fibrillar and later hyaline but with very little 
change in the basement membrane. He was not convinced that there was 
an actual increase in the number of supporting connective tissue cells. 
These lesions were not associated with arterial disease. It must be em- 
phasized that the renal changes described later by Kimmelstiel and 
Wilson * as a form of intercapillary glomerulosclerosis associated with 
diabetes differ strikingly from those observed in mice in the present 
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study. As pointed out by Allen,*? the lesions of diabetic intercapillary 
glomerulosclerosis result from laminated hyaline thickening of the capil- 
lary wall. Farquhar, Hopper and Moon ” also indicated that the primary 
process in the disease was a thickening of the basement membrane and 
deposition of interendothelial hyalin. Bell** believed that the nodular 
hyaline lesions were intracapillary formations and that the intercapil- 
lary hyaline masses were the product of the inner capillary basement 
membrane. Horn and Smetana * found that the lesions of intercapillary 
glomerulosclerosis might occur in arteriosclerotic kidneys independ- 
ently of diabetes. The lesions observed in mice do not show dependency 
on or association with arteriolar or arterial sclerosis. They differ from 
the diabetic intercapillary sclerosis in the absence of intracapillary 
hyaline masses and the lack of significant thickening or splitting of the 
basement membranes. 

Differentiation from the acute and subacute forms of glomerulone- 
phritis associated with intercapillary changes deserves mention. Churg 
and Grishman** described edema and mononuclear cell infiltration of 
the intercapillary spaces and, later, the appearance of fibrils in this area. 
These were also associated with endothelial proliferation and intracapil- 
lary exudation, neither of which was observed in our material. In the 
subacute forms, changes were described in the intercapillary space 
which were similar to those seen in intercapillary glomerulosclerosis in 
mice, namely, deposition of PAS-positive fibers among the IC cells, en- 
largement of the intercapillary spaces, and compression of the capil- 
laries. Other alterations accompanying these lesions, however, were 
lacking in progressive intercapillary glomerulosclerosis in mice. There 
was no evidence of intracapillary hyaline deposits, splitting of the base- 
ment membrane, thickening of the basement membrane as a result of 
hyaline deposits, or of inflammatory changes in Bowman’s capsule. 
Bell * stated that in nearly all cases of chronic glomerulonephritis hya- 
line tissue was found between the capillaries which he, however, traced 
to the inner basement membrane of the capillaries. Moreover, there were 
no features in the glomeruli of our mice indicative of previous acute or 
subacute inflammation. 

The pathogenesis of the glomerular lesion under consideration is ob- 
scure, Examination of other viscera failed to give any clue that this was a 
part of a general systemic disease. There was no evidence of diabetes 
mellitus on the basis of histologic changes in the pancreas. There was 
no indication of glomerular inflammation at any period in the develop- 
ment of the lesion. Amyloidosis was found in only 2 animals in the 
series. Systemic and renal arteriosclerosis was not a contributing factor 
since CAF: and BALB/c mice given sublethal doses of x-rays did not 
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develop significant changes in the renal vessels. Also, these animals do 
not develop a significant degree of arteriosclerosis spontaneously with 
age, unlike the LAF: mouse and Wistar rat. In the case of the latter 
two animals, serial sacrifices have not yet established whether or not 
intercapillary glomerulosclerosis develops progressively or precedes the 
development of arteriosclerotic lesions and hypertension. 

In the absence of demonstrable cause, the possibility that inter- 
capillary glomerulosclerosis is an aging process deserves consideration. 
In support of this theory are the following observations: (1) All animals 
beyond the age of 3 months showed evidence of intercapillary sclerosis. 
(2) The degree of involvement increased progressively with the age of 
the animal. (3) Lesions of similar structure were demonstrated in 2 
strains of mice, 1 strain of rats, and the Chinese hamster. Should this con- 
tention prove to be correct, intercapillary glomerulosclerosis may be of 
considerable value in the experimental study of aging, since the lesions 
can be readily quantitated. 

The effect of x-ray exposure was to increase the degree of intercapil- 
lary glomerulosclerosis after a considerable latent period whose duration 
depended on the age of the animal at the time of exposure. It appeared 
that irradiation at 1 year of age was followed by a longer latent period 
than irradiation at 1.5 years of age. Since the life span of the unirradi- 
ated CAF: mouse is about 2.4 years, the present experiments have dealt 
with the effects of irradiation during the latter half of life. It would be 
of interest to determine if irradiation during the early part of life leads 
to an effect at an earlier age or after a shorter latent period. 


SUMMARY 


A form of diffuse intercapillary glomerulosclerosis is described in 
CAF:, BALB/c, and A/Vi mice. The lesion is progressive, unrelated to 
inflammatory or systemic disease, and develops independently of 
arteriosclerosis. A similar progressive lesion has been observed in the 
Chinese hamster and the AC(I) rat. Following whole-body x-ray ex- 
posure of mice, intercapillary glomerulosclerosis is significantly in- 
creased. The effect of the radiation, however, is not immediate but is 
greatly delayed. It is suggested that these progressive renal changes are 
a morphologic manifestation of aging rather than of a specific disease 
entity. 
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LEGENDS FOR FIGURES 


Figures 1, 2, 4, 5, 6, and 7 are color photographs of sections prepared by the 
Rinehart-Abul-Haj stain. Figures 3 and 8 are of sections stained by the periodic 
acid-Schiff (PAS) method and combined with phase contrast visualization. 
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Fic. 


FIc. 


FIc. 


Fic. 


FIG. 


Fic. 


1. BALB/c female mouse, age 498 days. High magnification of a portion of a 
glomerulus showing relation of a third type of cell, IC cell, to the capillary wall. 
The IC cells have abundant orange cytoplasm. The nuclei of the endothelial cells 
are seen lining the capillary wall. Note different tinctorial features in the cyto- 
plasm of the epithelial cells located at the outer margins and of the IC cells. 
X 1,350. 


2. CAF: female mouse, age 181 days. Branching, fingerlike processes of the 
axis extend outward from the hilus. Note the concentration of IC cells about 
the central vessel at the hilus and the continuity of these cells with the mesangial 
cells forming the axis. X 675. 


3. CAF: female mouse, age 683 days. Note the presence of intercapillary base- 
ment membrane substance embedded in a PAS-positive fibrillar network envelop- 
ing IC cells. The basement membrane of the capillary wall is clearly defined 
and is of uniform thickness. X 675. 


4. A/Vi female mouse, age 359 days. Section through a glomerulus at right 
angles to the hilus. The distribution of IC cells is fairly normal. The presence of 
a few cell clusters and of cells with swollen cytoplasm establishes this as grade I, 
a doubtful lesion. X 675. 


5. BALB/c female mouse, age 683 days. Grade II lesion showing clusters of 
IC cells, moderate increase in the number of these cells, and an increase in 
cytoplasm. Capillary lumens are only slightly compressed. X 675. 


6. CAF: female mouse, age 885 days. Grade III lesion showing marked thicken- 
ing of the mesangium. Note the nuclear pleomorphism. Although capillary walls 
are compressed, many loops are still patent. x 675. 


7. CAF: female mouse, age 949 days. Grade IV lesion showing marked pro- 
liferation of mesangial cells with compression of the capillaries in the central 
portion. Only capillary loops at outer margins are patent. Note the loss of 
colloidal iron-staining ground substance. X 675. 


.8. CAF: female mouse, age 885 days. Advanced lesion showing wrinkling of 


the basement membrane, compression of the basement membranes of capillary 
walls, and an increase in intercapillary PAS-positive material. x 675. 
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CHRONIC PULMONARY EMPHYSEMA 
(AN EXPERIMENTAL STUDY) 


II. SPONTANEOUS PULMONARY EMPHYSEMA IN RABBITS 


H. T. G. Srrawsrwce, M.D., M.R.C.P-E., F.R.C.P.(C.) * 


From the Departments of Pathology, The University of Liverpool, 
England, and The Winnipeg General Hospital, Winnipeg, Manitoba, Canada 


During attempts to produce chronic vesicular pulmonary emphysema 
experimentally in rabbits, it became obvious that emphysema occurred 
spontaneously in these animals. While this is probably known to indi- 
vidual workers, no record of such lesions could be found apart from 
Zahn’s personal statement to Kasi,’ in 1886, that emphysema occurred 
spontaneously in old rabbits. For this reason, an account of the lesions 
and of certain associated inflammatory alterations will be given. 


MATERIAL AND METHODS 


The description which follows is based on the study of the lungs of 155 rabbits of 
various ages and breeds. 

The lungs were removed and gently inflated through the trachea by Bouin’s fluid at 
a head of pressure not exceeding 18 inches until expansion, as judged by inspection, 
was complete. The trachea was then tied and the lungs stored in 10 per cent formol- 
saline. Two blocks were taken routinely, one from an upper lobe including the 
anterior margin near the apex and the other at random from a lower lobe. Additional 
blocks were taken when necessary. The blocks were vacuum embedded in paraffin 
at —250 mm. of Hg. 

Ordinary thin sections were not employed regularly. The optimum thickness for a 
thin section was found to be 20 yw, but even this was too thin for the study of 
emphysematous lesions and the elastic fibers. Therefore, thick sections of 100 p 
were cut in every case. To prepare thick paraffin sections, it is advisable to embed in 
slightly softer wax than normally used. Curling of the thick sections can be pre- 
vented by holding down the leading edge. The sections were mounted in the usual 
way on albuminized slides. 

Sections from each block were stained by hemalum and eosin and by Hart’s modifi- 
cation of Weigert’s resorcin-fuchsin elastic tissue stain,’ omitting the final alcoholic 
rinse and counterstaining directly in saturated aqueous picric acid for 15 to 30 
seconds. Gram’s or Giemsa’s stains were employed in examinations for organisms. 

It might be thought that overenergetic tracheal inflation of isolated lungs could 
produce appearances similar to those of emphysema. Preliminary investigations 
showed that this was not the case. It should also be noted that these procedures did 
not increase the number of alveolar pores. 


This series of articles is based upon part of a thesis submitted to The University of 
Edinburgh for the degree of Doctor of Medicine. 
Received for publication November 6, 1959. 


* Present address: Department of Pathology, The Winnipeg General Hospital, Winnipeg, 
Manitoba, Canada. 
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STRAWBRIDGE 


Macroscopic APPEARANCE 


The lesions of naked eye dimensions fall into two main groups: con- 
genital anomalies and acquired lesions. 


Congenital Anomalies 


Presence of a Left Middle Lobe. A complete left middle lobe was 
present in 20 per cent of cases; in 17 per cent the lobe was absent. The 
remaining cases showed some degree of partial separation of the left 
middle lobe. This is important only if a minimal degree of separation 
simulates a marginal lobule, one of the lesions to be described below. 

Crenation of the Sharp Margins. Some degree of crenation of the 
sharp margins was present in 75 per cent of the lungs. This should not 
be confused with emphysema. 

Smooth Pleural Clefts of Developmental Origin. In 33 per cent of 
cases, smooth regular developmental clefts in the pleura occurred in the 
lower lobes on the lateral diaphragmatic margin. Identical clefts oc- 
curred at various sites in other lobes in 7 per cent of cases. These clefts 
are of no importance, being unassociated with any emphysematous 
lesions. 


Acquired Lesions 


Marginal Lobules and Pleural Fissures. The name “marginal lobule” 
has been given to a lesion occurring on the sharp margins of the lungs. 
Some of these are nonemphysematous (Fig. 1). Many, however, re- 
semble the large hypertrophic bullae of human emphysema (Fig. 
2). 

Nonemphysematous lobules are simply portions of a sharp margin 
partially isolated by fissures or depressions in the pleura above and be- 
low the lobule. They are overexpanded, and the curved free margin is 
sharp. Grossly emphysematous marginal lobules appear as striking, 
rounded, frequently predunculated, bullous structures of various sizes. 
The lobules are seen only on the sharp margins, most frequently on the 
anterior-medial margins of the upper or middle lobes. They may be 
single or multiple (Fig. 3) and vary in diameter from a cm. or less to 
4 cm. Not all marginal lobules are emphysematous, but in general the 
more prominent the lobule the more emphysematous, and vice versa. 

Pleural fissures may be present on the medial or lateral aspects of 
the lungs. They may be associated with marginal lobules or may occur 
independently. When both are present in the same lobe they may be 
quite separate; or the fissures may be continuous with the pleural de- 
pressions that isolate the lobules from the parent margin. Their irregu- 


310 Vol. 37, No. 3 


Sept., 1960 PULMONARY EMPHYSEMA 3I1 


larity easily distinguishes fissures from smooth developmental pleural 
clefts. Marginal lobules and pleural fissures are both the result of in- 
flammation. 

Vesiculation. Macroscopic emphysematous lesions other than mar- 
ginal lobules also occur on the sharp margins of the lungs. These are 
comparable with nonpedunculated marginal bullae seen in man and ap- 
pear as tiny vesicles, like dewdrops or froth. The term vesiculation has 
been adopted for these lesions. This occurs most commonly at the apex 
or on the anterior margins of the upper lobes. The lesion is rarely seen 
in other sites. It may be associated with marginal lobulation (Fig. 4). 
The vesicles rarely exceed 1 mm. in diameter. 

It is important to note that vesiculation is always a manifestation 
of underlying microscopic emphysema, whereas a marginal lobule may 
be nonemphysematous. 

Generalized Emphysema. While the presence of generalized emphy- 
sema may occasionally be suspected on macroscopic examination, it can 
only be established, with certainty, microscopically. 


Microscopic APPEARANCE 
Normal Histologic Structure 


Most of the description which follows is based upon the appearances 
in thick section, as this enables the alveolar walls and the lesions to be 
studied in 3 dimensions (Fig. 5). 

General. There is no material difference between the histologic ar- 
rangement of the rabbit lung and the human lung. However, all struc- 
tures are more delicate in the rabbit, and nowhere is interstitial fibrous 
tissue conspicuous. Only one order of respiratory bronchiole can be 
detected and this is inconstant. The terminal bronchiole (nonrespira- 
tory) can be regarded as communicating directly with the alveolar ducts. 
As in man, there is usually a single order of alveolar ducts which com- 
municate directly with the atria, which in turn lead into the alveolar sacs. 
The term atrium will not be used, as it is doubtful if this can be regarded 
as a separate structure in the rabbit. The following terminology will be 
employed: terminal bronchiole, alveolar ducts, alveolar sacs, alveoli. 

Alveolar Pores. The alveolar pores (pores of Kohn) have been dis- 
cussed in a preceding article.’ For the present, it is sufficient to state that 
in thick sections, small oval or rounded fenestrations, easily distinguish- 
able from irregular artificial tears can be seen in the side walls and bases 
of the alveoli. Although pores are not visible in every alveolus and vary 
considerably in numbers, they have been seen in every rabbit lung in this 
series (Figs. 6 and 7). They are very infrequent in very young rabbits 
and increase in numbers with aging. 
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Elastic Tissue. The elastic tissue links bronchi, blood vessels and 
pleura with the alveolar framework of the lung (Fig. 8). The bundles 
of the alveolar elastica are in continuity with those of other structures 
and may be divided roughly into 3 main types. 

“Thick”: Large bundles of fibers that run round the mouths of alveoli, 
outlining the lumens of the alveolar ducts and sacs (Fig. 9). The com- 
ponent fibers of these bundles rearrange themselves and run down, 
mainly in the corners of the alveoli, as the medium bundles, to cross and 
rearrange themselves at the bottom of the alveolus (Fig. 10). The rear- 
ranged fibers, then, run onward as medium bundles, in the corners of the 
contiguous alveoli which belong to the neighboring alveolar sac or duct 
to continue laterally and circumferentially at the mouths of these alveoli 
as part of the thick bundles which outline this alveolar duct or sac. 

“Medium”: These have been described as deriving from the thick 
bundles. In addition to running directly down in the corners of the 
alveolus, fibers or fiber bundles run off from the main medium bundles 
and course obliquely across the alveolar walls. They may be very thin 
indeed, but always run right across the alveolar walls to reunite with 
the main system of medium or thick bundles. 

“Fine”: These bundles are usually, but not always, as thin as the 
thinnest of the medium bundles. Some of the fine bundles are derived 
from the medium type, some from the elastica of the terminal arterioles, 
while others have no demonstrable connection with the remainder of the 
elastica. Many of the fine bundles are remarkably tortuous. They termi- 
nate in relation to the capillaries by a fanning out of their individual 
fibers over the capillary wall. The fine bundles are extremely scanty and 
not constantly demonstrable. They are more plentiful in old than in 
young rabbits. There is no regular spatial relationship between any of the 
elastic bundles and the alveolar pores. Occasionally, however, a bundle 
may run around the margin of a pore. 

The arrangement is essentially the same as that described in man by 
Eppinger * in 1876, and Orsds °° in 1907 and 1936, but the fine fibers are 
much scantier in the rabbit than in man. 


Pathologic Histology 


The congenital anomalies are, per se, associated with neither em- 
physema nor any specific alterations in lung architecture. They will not 
be discussed further. The acquired lesions will be discussed under the 
following headings: Inflammatory lesions; marginal lobules and pleural 
fissures; emphysema. 

Inflammatory Lesions. These consist of a subacute or chronic inter- 
stitial pneumonia which was present in 84 per cent of cases. Usually 
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the inflammation is very trivial and consists of minute focal areas of 
hypercellularity in the alveolar walls or perivascular connective tissue. 
These occur in all parts of the lungs, but frequently only one or two foci 
are present in any given section. They consist of an interstitial infiltra- 
tion by mononuclear cells and occasional lymphocytes. In larger lesions 
there is extreme and obvious interstitial infiltration associated with 
alveolar catarrh and occasional small areas of frank alveolar consolida- 
tion. The exudate, in these cases, mainly consists of mononuclear cells 
with occasional giant cells and scanty lymphocytes. Polymorphonuclear 
cells rarely are seen except when necrosis of the exudate occurs. The 
lumens of bronchi are not involved except in the largest consolidated 
areas. Examination of all the more active lesions in Gram or Giemsa 
stained sections revealed no organisms. No further bacteriologic studies 
were carried out. 

Where the lesions are of minor or moderate severity, there is no ob- 
vious change in lung architecture beyond the thickening of the alveolar 
septums by the infiltration (Fig. 11). Severe lesions affect the architec- 
ture in two ways. Firstly, there is a shortening and thickening of the 
alveolar septums in the inflammatory focus, and secondly, there is 
actual destruction of lung tissue due to necrosis in larger lesions. 

Marginal Lobules and Pleural Fissures. The lesions seen in marginal 
lobules are twofold: firstly, those concerned with the formation of the 
lobule itself, and secondly, the development of emphysema in the lobule. 
The emphysema will be described later. Both the lobules and fissures 
result from the interstitial pneumonia described above. The architectural 
deformity caused by severe subpleural lesions pulls down the pleura 
and forms the fissure (Fig. 12). If this happens at the sharp margin of 
the lung, the fissure partially cuts off a portion of the sharp margin to 
form a marginal lobule. In early cases, marked interstitial pneumonia 
is present at the base of the lobule (Fig. 13), but at this stage there is 
no dilatation of alveoli or emphysema within the lobule. In time, the 
causative inflammatory changes become inconspicuous. Fibrosis is not 
a prominent feature and usually there is only slight residual thickening 
of the shortened septums. When emphysema develops in these marginal 
lobules, it does so subsequently, and bears no relation to the degree of 
activity of the inflammatory changes. 

Emphysema. The microscopic changes of emphysema are everywhere 
the same, differing only in grade of severity. However, it is convenient 
to classify the lesions according to distribution as follows: 

I. Marginal emphysema. 
(A) Vesiculation 
(B) Emphysema in marginal lobules 
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II. Generalized emphysema. 

I. Marginal emphysema. The term vesiculation has been retained to 
distinguish between local foci of emphysema confined to the sharp mar- 
gins of the lungs, but not within a marginal lobule, from emphysema 
within these lobules. Either type of marginal emphysema may occur 
independently or in the same lung, and either or both may be associated 
with generalized emphysema. 

The earliest microscopic alterations comprise a group of events. 
There is dilatation of the alveolar sacs and of the alveoli, with widening 
of the mouths of the latter. The dilatation is readily appreciated in the 
marginal lesions where the rest of the lung acts as a control. At the same 
time, structures indistinguishable from the alveolar pores are much more 
numerous in the dilated area. In addition to an increase in the numbers of 
“pores,”’ there is a definite increase in their size (Fig. 14). It is not pos- 
sible to determine whether the dilatation of alveoli and alveolar sacs or 
the increase in the number of the “pores” comes first, as the two phenom- 
ena are always seen together. 

The next change is a progressive enlargement of the “pores” until 
adjacent pores merge to form larger gaps in the alveolar walls, causing a 
striking fenestrated appearance (Figs. 15 and 16). As the fenestration 
develops, the alveolar septums become lower and lower and finally dis- 
appear completely, leaving the alveolar sac as a simple expanded vesicle. 
Simultaneously, fenestration occurs in the,alveoli subtended by the 
alveolar ducts and also in the boundaries between neighboring alveolar 
sacs. Extension of the process leads to the fusion of contiguous alveolar 
sacs to form a larger single vesicle communicating with the dilated 
fenestrated remains of the alveolar duct and presenting macroscopically 
as vesiculation (Figs. 17 and 18). 

In vesiculation the changes rarely develop beyond this point. In 
marginal lobules, however, fenestration progresses until the whole lobule 
consists of a very few large vesicles imperfectly divided from each other 
by sheets and strands of fenestrated residual lung tissue (Figs. 19 and 
20). The bullous spaces communicate with the terminal bronchioles. 

During the process of fenestration, the capillary bed is gradually ob- 
literated. An appearance of stretching or narrowing of a capillary can 
sometimes be seen. Such a stretched capillary may be the only observ- 
able structure separating two pores which are on the point of fusing. 
Finally, the only capillaries which remain are those in the residual sheets 
and strands of lung tissue which course across the emphysematous 
vesicles. 

In the earliest lesions no change which precedes the appearance of 
fenestration can be detected in the elastica. The elastic bundles bear no 
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constant relationship to the fenestrations (Fig. 21), and while bundles 
may run round the margins of fenestrae, there is no evidence that the 
fenestrations are the result of rupture or other observable change in the 
elastica. Changes in the fine bundles are very difficult to assess 
because of the extreme scantiness and variable staining properties of 
these elements. They usually vanish, but even in severely fenestrated 
walls, occasional fine bundles persist in the residual tissue (Fig. 22). No 
statement can be made as to the mode of disappearance of the fine 
bundles apart from an impression that they may retract and fuse with 
the medium bundles. 

Initially the medium bundles show no change (Fig. 22), but later they 
may be displaced by the enlarging fenestrations (Fig. 23). This leads 
to fusion of some of the medium bundles with each other so that fewer 
but thicker bundles now run across the alveolar wall. There is no sign of 
obvious rupture of these or other elastic bundles; but when careful 
search is made, occasionally, near a fenestration, the continuity of one 
of the finest of the medium bundles becomes interrupted and the ends 
appear to be retracted (Fig. 24). It is only when artifact can be excluded 
that such appearances can be accepted as a genuine lesion. It must be 
emphasized that changes indicative of rupture are rare, and there is no 
suggestion of widespread loss or rupture of the medium fibers. 

Initially and even in grossly fenestrated alveoli, the thick bundles 
show no change. There is no hint of rupture. Instead, as the alveolar 
septums are destroyed, the thick bundles become augmented by the 
addition of other bundles, displaced in the process of fenestration, and 
look thicker than corresponding bundles in less fenestrated areas. 
Both the thick and medium bundles appear to be responsible for the 
maintenance of relatively normal architecture even in markedly fen- 
estrated areas. However, as fenestration proceeds, all the elastic bundles 
are displaced toward the periphery and remain intact in the rim of tissue 
that separates the alveolar sac from its neighbor. In this tissue there is 
an increased number of thick and medium bundles per unit area while 
the bundles are thicker and compounded of more component fibers than 
normal. 

With the retraction and loss of the alveolar septums, the bundles no 
longer run in 3 dimensions from the mouth of one alveolus to cross 
at the base and then on, upwards, to the mouths of the alveoli of the ad- 
jacent alveolar sac. They are now rearranged in a simpler, virtually 
two-dimensional network that outlines the simple ovoid vesicle of the 
emphysematous alveolar sac. The individual fibers of the bundles re- 
distribute themselves at the crossing points in the network as did the 
medium bundles at the base of a normal alveolus. At the same time, the 
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alveolar ducts also lose their alveolar septums, and an identical re- 
arrangement of the elastica takes place at this level (Fig. 25). As the 
marginal lesions develop, the spatial re-arrangement continues, re- 
duplicating the changes just described at the level of alveolar sacs and 
ducts. There is no evidence that rupture plays a part in the develop- 
ment of even the largest bullous lesions (Fig. 26). 

II. Generalized emphysema. This may be present with or without 
either of the two types of marginal emphysema. The changes in gen- 
eralized emphysema are the same as in the marginal forms, but differ 
in the extent to which they develop. Thus, the destruction of the alveolar 
walls by fenestration usually is only partial in the deeper parts of the 
lungs, and there is preservation of the outlines of alveolar sacs and ducts 
without the formation of large vesicles. 

In the least severe examples there is fairly widespread fenestration of 
alveolar walls which, however, may be patchy in distribution, leaving 
areas of alveolar tissue that are within normal limits (Figs. 27 and 28). 
The fenestration increases in severity and extent until it is widespread 
and obvious in nearly every part of the lung (Fig. 29). In such cases 
the solidity of the alveolar walls, as seen in thick sections, is lost, and the 
lung is converted into an open network (Figs. 30 and 31). The remains 
of the capillary bed run in the strands of residual alveolar tissue. 

In the absence of normal lung in the same section to serve as a control, 
it is not easy to assess dilatation of the alveoli and alveolar sacs. Never- 
theless, the appearances give the impression of distention. Occasionally, 
in the subpleural regions or in relation to larger bronchi or blood vessels, 
there is loss of alveolar septums or even fusion of alveolar sacs. When a 
sharp margin is involved, vesiculation is produced. It must be empha- 
sized that it is essential to employ thick sections for the certain diagnosis 
of generalized emphysema, especially in the less severe grades in which 
there may be no obvious alteration in architecture in thin sections. In 
the more severe grades, even in thin sections, gaps begin to appear in the 
line of the alveolar septums. 

The changes in the elastica are the same in generalized as in marginal 
emphysema. There is merely loss of the fine bundles and re-arrangement 
and fusion of some of the medium bundles. Only rarely is there evidence 
of rupture of some of the thinnest medium bundles. Usually the thick 
and most of the medium bundles remain apparently unchanged and, 
unless there is loss of alveolar septums, they do not show the peripheral 
displacement seen in the more advanced marginal lesions. Indeed, the 
thick and medium bundles appear largely to be responsible for the main- 
tenance of the reasonably intact architecture of the lung. A lung showing 
considerable fenestration in the hemalum-eosin stained section may 
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show little obvious change in the elastic fibers (Figs. 32 and 33). How- 
ever, when areas of gross and minor fenestration in the same section 
are compared, it is seen that the thick and medium bundles in the 
grossly fenestrated areas are thicker, due to displacement and fusion of 
some of the bundles in the course of fenestration. As in the marginal 
lesions, signs of rupture of fibers are very inconspicuous, and there is no 
evidence of any degenerative change in the elastica. 


INCIDENCE, PATHOGENESIS AND NATURE OF THE LESIONS 


The description is based on the study of the lungs of 155 rabbits 
which have been divided into 4 groups: 

Group A: Normal rabbits known to be between 5 and 11 weeks old. 

Group B: Rabbits which have been sacrificed in the course of ex- 
periments unconnected with the respiratory system. 

Group C: Normal rabbits known to be over 24 years old. 

Group D: Rabbits sacrificed in the course of acute experiments in- 
volving thoracotomy or direct puncture of the heart. 

The rabbits in groups B and D were adults of miscellaneous ages, ap- 
parently between 9 and 18 months old, but their exact ages were not 
known. Groups A and C were collected to collate the incidence of the 
lesions with age. 


Congenital Anomalies 


These are unimportant except for the possible confusion with em- 
physematous lesions. The overall incidence has already been given. 


Acquired Lesions 


The incidence of the individual lesions is shown in Tables I and II. 
It should be noted that, in Table II, some of the lungs included in the 
nonemphysematous column had marginal lobules which did not show 
emphysema microscopically. 

Marginal Lobules. The incidence of marginal lobules ranged between 
15 and 44 per cent in the various groups, with an overall incidence of 
25 per cent. Inflammatory changes were present in all the lobules, and 
the appearances left no doubt that these lesions were of inflammatory 
origin. The figures show that of a total of 38 cases of marginal lobules, 
only 25 showed emphysema in the lobules microscopically. This supports 
the view that the lobules are first formed by inflammatory alterations 
and subsequently develop emphysema. This increasing incidence in the 
older ager group suggests that age plays a part in the development of 
emphysema in marginal lobules. 

The present material provides no direct evidence as to how the 
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emphysema develops, but there appear to be two main possibilities. 
Firstly, the anatomic connection which remains between the lobule and 
the parent lung may be such that normal (or abnormal) ventilation of 
the lung causes abnormal distention of the lobule. Secondly, the inflam- 
matory lesions themselves may so alter the nutrition or tensile strength 
of the lobule that even normal respiratory distention causes the em- 
physema. Naturally both these factors could operate together. 
Theoretical considerations apart, marginal lobules are a frequent, 
naturally occurring lesion. Furthermore, these lobules so commonly be- 
come emphysematous in animals with otherwise normal lungs that 


TABLE I 
INCIDENCE OF MACROSCOPIC LESIONS 


Macroscopic lesions 


No. in Marginal 
Group group “Normal” lobule Vesiculation 
A 20 17 (85%) 3 (15%) o (0%) 
B 96 76 (79%) 18 (19%) 6 (6%) 
Cc 21 12 (57%) 9 (43%) 7 (33%) 

D 18 9 (50%) 8 (44%) 4 (22%) 
Totals 155 114 (74%) 38 (25%) 17 (11%) 
TaBLe IT 
INCIDENCE OF MICROSCOPIC EMPHYSEMA 

Emphysematous 
No. in Nonemphy- Marginal 
Group group sematous lobule Vesiculation Generalized 
A 20 20 (100%) ° ° ° 
B 96 78 (81%) 11 (11%) 8 (8%) 8 (8%) 
Cc az 8 (38%) 8 (38%) 7 (33%) 11 (52%) 
D 18 11 (61%) 6 (33%) 4 (22%) 1 (6%) 
Totals 155 117 (75%) 25 (16%) 19 (16%) 20 (13%) 


marginal emphysema of this type cannot be considered significant in the 
experimental production of emphysema. 

Vesiculation. In contrast to marginal lobulation, vesiculation was 
always a naked eye manifestation of an underlying microscopic em- 
physema. As in the case of marginal lobules, age appeared to be an 
important factor. Occasionally vesiculation was the only emphysematous 
lesion, but more often it was merely the local accentuation of generalized 
emphysema. 

Minute foci of interstitial pneumonia were found in the area of 
vesiculation in 17 of the 19 cases, but in most instances the anatomic 
deformity of the lung framework, seen in the case of marginal lobules, 
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was absent. Nevertheless, in one or two cases there was a suggestion 
that vesiculation might result from local deformity of architecture, and 
it is possible that, in some cases at least, vesiculation may have a 
pathogenesis similar to marginal lobulation. 

Generalized Emphysema. The different age incidence is striking. No 
generalized emphysema was found in the young rabbits of group A. The 
incidence was 8 per cent in the miscellaneous adults of group B, and 52 
per cent in the old rabbits in group C. The present series does not in- 
clude any animals known definitely to be between the ages of 9 and 18 
months, but it is believed that most of the miscellaneous adults were be- 
tween these ages. Experience with a group of 25 rabbits, known to be un- 
der 18 months old, showed a similarly low incidence of generalized em- 
physema.’ 

Age could operate in two ways in determining the increased incidence 
of generalized emphysema. Firstly, the emphysema might be a simple 
senile manifestation, and secondly, it might be the result of other causa- 
tive factors which had to be operative over a long period of time, pro- 
ducing the lesions. Obviously a combination of senile changes and other 
factors could produce the lesions. 

There was no sign of bronchial disease, per se, and there were no 
detectable differences in the elastica of the young and old rabbits except 
that this tissue was more prominent in the older animals. Thus, it ap- 
peared that the only lesion likely to be responsible for the development 
of generalized emphysema was the interstitial pneumonia. Therefore, 
the material was analyzed to see if there was any correlation between 
the two lesions. 

The interstitial pneumonia has been classified on an arbitrary plus 
basis. It must be emphasized that the lesions graded as 1 or 2 plus were 
of very minor severity and that even the most severe lesions, in general, 
retained their patchy nature. The degree of generalized emphysema has 
also been graded on a plus basis; details of this will be given in the next 
article of this series.’ 

Table III shows that there is no correlation between the total inci- 
dences of generalized emphysema and of interstitial pneumonia in the 
various groups. While there was a somewhat lower incidence of the 
severest grades of interstitial pneumonia in the young rabbits of group A 
which had no generalized emphysema, there was no significant difference 
in the incidence of these lesions in the other groups. Thus the severity 
of the inflammation bore no direct relationship to the incidence of gen- 
eralized emphysema. Table IV shows that the total incidence of the 3 
plus inflammatory lesions was the same in the emphysematous and the 
nonemphysematous cases while there was little correlation between the 
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degree of inflammation and the degree of emphysema. The results do not 
suggest a direct relationship. 

Histologically, there was no direct relationship between the foci of 
interstitial pneumonia, which were essentially of a trivial patchy nature, 
and the generalized emphysema. Nor was there any relationship between 
alveolar catarrh and emphysematous fenestration. 

It is concluded that the relationship, if any, between interstitial 
pneumonia and generalized emphysema is indirect; perhaps disturbance 
in respiratory dynamics is the mechanism involved, e.g., excessive sneez- 
ing. Regardless of the pathogenesis, the significant fact is that after the 


TABLE III 
INCIDENCE OF GENERALIZED EMPHYSEMA AND INTERSTITIAL PNEUMONIA 


Generalized Interstitial pneumonia 
emphysema, 


No. in total Total Degree 
Group group incidence incidence ° + 


A 20 16 (80%) 4(20%) 11(55%)  4(20%) 1 (5%) 
B96 8 (8%) 79 (82%) 17(18%) 37(39%)  29(30%) 13 (14%) 
C 11(52%) 20(95%) 1 (5%) 6 (29%) 311(52%) 3 (14%) 
D318 1(6%)  16(89%) 2(11%) 6(33%)  4(22%)  6(33%) 
TABLE IV 
DEGREE OF GENERALIZED EMPHYSEMA AND INTERSTITIAL PNEUMONIA 
No. of Degree of interstitial pneumonia 
emphysema cases ++ +44 
° 135 24 (18%) 54 (40%) 38 (28%) 19 (14%) 
+ 10 ° 3 6 I 
++ 6 2 +(30%) 4¢(50%) 0}(20%) 
+44 4 ° I ° 3 


age of 214 years, over 50 per cent of rabbits may be expected to have 
some degree of generalized emphysema as a naturally occurring lesion. 
The significance of this in the assessment of results in experimental 
emphysema is obvious. 

Influence of Acute Operative Procedures. The rabbits of group D, 
which were miscellaneous adults, died during or within a few hours of 
operations on the thorax. Nearly all of them had tachypnea. Table II 
shows that the incidence of emphysematous lesions did not differ sig- 
nificantly from that in the other adult groups. . 


Nature of the Emphysematous Process 


It has been convenient to subdivide the various emphysematous 
lesions according to their distribution, and this subdivision, especially in 
the case of marginal lobules, gives a partial indication of the nature of 
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the pathogenic factors involved. However, in spite of differences in dis- 
tribution, the fundamental microscopic lesions in all the subdivisions 
were identical in character, differing only in the degree of their develop- 
ment. 

In the previous section of this article it is shown that the classic de- 
scriptions of the changes in human chronic vesicular emphysema® are 
identical to the basic lesions in the rabbit. Hence, the rabbit can be ac- 
cepted as a suitable animal for the experimental study of chronic em- 
physema. The lesions, as seen in thick sections, do not suggest that 
chronic emphysema results from tearing of the lung tissues. In addition, 
there is no evidence that rupture of the elastica is a primary, or even an 
important factor in the genesis of the lesions. Loss of alveolar tissue, in- 
cluding capillaries, in the course of fenestration appears to be the es- 
sential lesion of chronic emphysema. It is very difficult, morphologically, 
to regard fenestration as a purely mechanical effect, and it seems much 
more reasonable to consider it as a manifestation of tissue atrophy. 


SUMMARY 


An account has been given of the types of spontaneous chronic 
vesicular emphysematous lesions and associated inflammatory changes 
found in the lungs of 155 rabbits. 

The emphysematous lesions and the elastica were studied in paraffin 
sections 100 » thick. The microscopic appearances of all types of 
emphysema were essentially the same and consisted of the development 
of progressive fenestration of the alveolar walls leading to destruction of 
the walls. The elastic tissue showed no changes which antedated the ap- 
pearance of fenestration and seemed to be the most resistant component 
of the alveolar framework. The appearances are considered to be the 
result of an atrophy of the alveolar walls. 

The following types of chronic emphysematous lesions have been dis- 
tinguished: 

(1) Generalized emphysema: This can only be diagnosed, with cer- 
tainty, microscopically. It is not the direct result of inflammatory 
changes, but there may be an indirect relationship. The incidence of 
generalized emphysema is nil in young rabbits but rises to over 50 per 
cent in rabbits over 24 years old. Various acute operative procedures 
did not influence the incidence of generalized emphysema. 

(II) Emphysema in marginal lobules: Marginal lobules are formed 
by inflammatory deformity of the sharp margins of the lungs. Initially, 
the lobules are not emphysematous but become so subsequently. This 
type of emphysema should be disregarded in assessing the results of 
attempts to produce experimental emphysema. 
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(III) Vesiculation: These minute marginal emphysematous lesions 
usually constitute merely a local accentuation of generalized emphy- 
sema. But some examples may be the result of local inflammatory 
changes as in the case of marginal lobules. Therefore, caution is needed 
in the assessment of the significance of vesiculation in the experimental 
production of emphysema. 

The associated inflammatory lesions were those of a subacute or 
chronic interstitial pneumonia, the causative organism of which was not 
identified. 
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LEGENDS FOR FIGURES 


All microscopic sections have been cut at roo pw unless otherwise stated. Except 
where indicated, photographs were prepared from sections stained with hemalum 
and eosin. 


Fic. 1. Small nonemphysematous marginal lobule. x 1. 
Fic. 2. Large emphysematous marginal lobule. x 1. 

Fic. 3. Multiple emphysematous marginal lobules. x 0.6. 
Fic. 4. Vesiculation at apex of lung. X 3.7. 


Fic. 5. Normal rabbit lung in a thick section, showing alveolar ducts and surface 
view of intact alveolar septums. X 30. 


Fic. 6. Alveolar pores in a young rabbit. X 480. 
Fic. 7. Alveolar pores in an old rabbit. X 480. 
Fic. 8. A general view of the lung elastica. Elastic tissue stain. x 60. 


Fic. 9. “Thick” elastic fiber bundles outlining alveolar ducts and sacs. Elastic 
tissue stain. X 120. 
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Fic. 


FIG. 


Fic. 


Fic. 


Fic. 


Fic. 
FIc. 


10. “Medium” elastic fiber bundles crossing and undergoing re-arrangement 
at the bottom of an alveolus. Elastic tissue stain. X 480. 


11. Subpleural interstitial pneumonia producing thickening of alveolar septums 
but no obvious architectural deformity. Section cut at 20 uw. X 60. 


12. Formation of a pleural fissure by contracture and deformity of underlying 
parenchyma due to interstitial pneumonia. Section cut at 20 uw. X 30. 


13. Nonemphysematous marginal lobule, showing interstitial pneumonia at 
the base of the lobule. < 7.5. 


14. Emphysematous alveolar septum, showing abnormally large and numerous 
fenestrations otherwise indistinguishable from alveolar pores. X 480. 


15. Marginal emphysema, showing obvious fenestration. < 60. 


16. Anormal portion of the lung shown in Figure 15. X 60. 
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17. Vesiculation, showing fenestration and resulting loss of alveolar septums 
from alveolar ducts and sacs. X 30. 


18. A normal portion of the lung shown in Figure 17. X 30. 


19. Marginal lobule, showing marked emphysema. Fenestration has led to 
fusion of adjacent ducts and sacs. The remainder of the lung outside the lobule is 
normal. X 7.5. 


20. Fenestration in remaining septums between alveolar ducts in an emphy- 
sematous marginal lobule. Same lobule as in Figure 19. X 60. 


21. “Medium” elastic fiber bundles in an emphysematous alveolar septum. 
The bundles are not related to the fenestrations. Elastic tissue stain. X 480. 


22. Normal “medium” elastic fiber bundles passing by and near fenestrations 
in an emphysematous alveolar septum. Elastic tissue stain. X 480. 
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23. “Medium” elastic fiber bundle running a serpiginous course due to dis- 
placement by fenestration in an emphysematous alveolar septum. Elastic tissue 
stain. X 480. 


24. Rupture of a delicate ‘“medium” elastic fiber bundle to the right of a 
fenestration at 12 o’clock in an emphysematous alveolar septum. Elastic tissue 
stain. X 480. 


25. Two-dimensional arrangement of elastic fiber bundles in fenestrated 
septums between emphysematous alveolar ducts. Elastic tissue stain. X 120. 


26. Intact elastic fiber bundles in an advanced emphysematous lesion. Elastic 
tissue stain. X 120. 


27. Slight fenestration in early generalized emphysema. X 60. 


28. Normal lung for comparison with Figure 27. X 60. 
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Fic. 29. Obvious fenestration in a moderately severe generalized emphysema. X 60. 


Fic. 30. Gross fenestration with virtual destruction of alveolar septums but re- 
tention of general architecture in very severe generalized emphysema. X 60. 


Fic. 31. Detail of fenestration. Same lung as in Figure 30. X 120. 


Fic. 32. General arrangement of elastica in severe generalized emphysema. Same 
lung as in Figures 30 and 31. Elastic tissue stain. X 60. 

Fic. 33. General arrangement of elastica in a normal lung for comparison with 
Figure 32. Elastic tissue stain. x 60. 
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ULTRASTRUCTURE OF HUMAN MUSCLE 


II. OpserRvATIONS ON DystrRoPHic STRIATED MuscLe Fisers 


V. L. van BreeMEN, Px.D. 


From the Department of Anatomy, University of Colorado School 
of Medicine, and the Mercy Institute for Biomedical Research, 
Denver, Colo. 


Muscular dystrophy has been classified as a myogenic metabolic 
disease, characterized by progressive degeneration of skeletal muscle 
fibers.*~* Since electron microscopy has brought the examination of cell 
structure to a close parallel with the study of cell function, it would seem 
appropriate to apply electron microscopy to the investigation of a 
metabolic disease. This paper presents some of the ultrastructural altera- 
tions in muscle during dystrophic degeneration, with a discussion of their 
possible correlation with dysfunction. 


MATERIAL AND METHODS 


Of the 55 biopsy specimens of human muscle that we have examined, 20 were 
from cases of pseudohypertrophic muscular dystrophy. 

The electron micrographs illustrated here were prepared from the gastrocnemius 
muscle in a 6-year-old boy with clinically demonstrated pseudohypertrophic muscu- 
lar dystrophy. The observations, however, represent findings in 20 cases of pseudo- 
hypertrophic muscular dystrophy. The micrographs are from one case in order to 
demonstrate in contiguity successive stages of degeneration found in one specimen. 

The tissue was fixed for electron microscopy in 2 per cent osmium tetroxide (pH 
7.6) for 2% hours, and for light microscopy in formalin. General procedures were 
as reported in an earlier publication.‘ 


OBSERVATIONS 


Examination of sections from the 20 biopsy specimens by light 
microscopy demonstrated histologic characteristics commonly seen in 
early pseudohypertrophic muscular dystrophy. There was an accumula- 
tion of fat in the connective tissue. Many of the muscle fibers were 
normal in appearance though variable in size. The most obvious de- 
generative feature was “hyalinization” of occasional fibers. Earlier 
stages of muscle fiber degeneration were difficult to evaluate by conven- 
tional microscopy. 

Electron microscopy, on the other hand, revealed detailed mor- 
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phologic changes in the dystrophic muscle, including early alterations 
and their sequelae. On the basis of our studies to date, the earliest ob- 
served abnormality in this condition appeared as vacuolation of the 
sarcoplasmic reticulum. In otherwise normal fibers, with intact myo- 
fibrils and mitochondria, vacuoles appeared singly or in small groups be- 
tween the myofibrils. In other fibers large vacuoles and large groups of 
vacuoles were found (Fig. 1). In such fibers the interfibrillar space had 
increased and many of the mitochondria were lobulated. These charac- 
teristics were considered to be abnormal since they have not been ob- 
served in normal muscle. However, all of the previously mentioned fibers 
presumably were still functional since the myofibrils were found in vari- 
ous stages of “normal” contraction. 

In other fibers, successive stages of degeneration of the sarcoplasmic 
reticulum and the mitochondria were encountered. Though these studies 
were necessarily made on static preparations, progressive degenerative 
changes could be clearly established. The sarcoplasmic reticulum became 
progressively vacuolated and subsequently underwent disintegration; 
the mitochondria were lobulated and also disintegrated in progres- 
sive manner. Debris from these organelles then remained in spaces be- 
tween the myofibrils, which at this point were apparently nonfunctional, 
all being found in a state of contracture. The number of fibers found in 
this state (presumably irreversible excessive shortening) correlated 
with the amount of gross muscle contracture found in the patient at 
clinical examination. Subsequently the myofibrils remained dense; their 
“striations” were irregular and diffuse, seeming to be remnants of 
“hyper-contraction bands” or “contracture bands.” This level of the 
degenerative process was characterized by a small central portion of a 
fiber (Fig. 2). Typically, mitochondria had almost completely disap- 
peared from this portion of the fiber; however, the mitochondria re- 
mained in the peripheral portion in large numbers, a common occurrence 
at this stage of degeneration. Between the myofibrils could be seen the 
debris left by the disruption of mitochondria and sarcoplasmic reticulum 
(Fig. 2). 

Other features were progressive loss of substance from the interfibril- 
lar spaces and loss of the “contracture bands,” leading to the “hyaline” 
stage of degeneration. In the early “hyaline” stage, there was a notable 
lack of sarcoplasm and its inclusions (Fig. 3). The structured substance 
that remained consisted principally of the myofibrils in which the myo- 
filaments were still apparent, though “swollen” in places (arrow, Fig. 3). 
This fiber showed a mitochondrial distribution pattern that was typical 
of such degenerating fibers, widely scattered mitochondria in the central 
mass and peripheral concentration of the remaining mitochondria. Sub- 
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sequent to the state of degeneration illustrated in Figure 3, interfibrillar 
space disappeared. It was therefore evident that the so-called “hyaline” 
fibers consisted principally of dense masses of myofilaments and their 
residue, with scattered remnants of sarcoplasmic organelles. 


DIscussion 


In the first paper related to this study‘ ultrastructural features of 
normal human muscle were described, and possible relationships of 
structure and function were discussed. The sarcoplasmic reticulum of 
human muscle is the least obvious of the cell organelles and is the least 
understood in terms of function. Nevertheless, the sarcoplasmic system 
seems to be affected in the earliest morphologic alterations in muscular 
dystrophy and is the first organelle to disappear from the cell during 
dystrophic degeneration. 

An interrelationship between mitochondria and sarcoplasmic reticu- 
lum has been suggested by Edwards, Ruska, Santos, and Vallejo-Freire.® 
It is not surprising to find both systems showing structural alterations 
in early degenerative changes in dystrophic muscle. These systems were 
also disturbed in ischemic muscle fibers studied by Moore, Ruska, and 
Copenhaver.® That vacuolation of the reticulum is the earliest mor- 
phologic alteration in dystrophy and that mitochondria still remain in 
degenerated (“hyaline”) fibers after the sarcoplasmic reticulum has 
disappeared could point to the reticulum as the site of the primary lesion 
of dystrophy. Harman? stated that it might be assumed that the charac- 
teristic necrosis in dystrophic muscle fibers indicated a blockage in 
production or utilization of anabolic energy within the myofibers, but 
that it was not clear whether this block occurred in the elaboration, 
transfer, or the final conversion of the high-energy supplies needed by 
the tissue for its stability and activity. 

The sarcoplasmic reticulum and its alterations in dystrophy can be 
related to the histochemical data of Beckett and Bourne‘ who noted the 
accumulation of hydrolytic enzymes between myofibrils in dystrophic 
muscle. Of special significance was the increase of 5-nucleotidase. These 
authors suggested that even if this enzyme was not directly concerned 
with the breakdown of muscle substance, it could cause functional 
failure through excessive breakdown of high-energy compounds. That 
the enzymes concerned in the relationships of creatine, phosphate and 
adenylic acid are implicated in the basic biochemical lesion of muscular 
dystrophy is further apparent in the report of Persson.® 

In considering the accumulated data, one could conclude that the 
functional aberration in muscular dystrophy is closely associated with 
the adenylic acid system, that phosphatases are involved and that the 
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early morphologic changes in the sarcoplasmic reticulum mark the site 
of the primary lesion in dystrophic muscle. 


SUMMARY 


Light and electron microscopic studies were made of normal and 
dystrophic human muscle obtained at biopsy. The electron micrographs 
in pseudohypertrophic muscular dystrophy illustrated some of the mor- 
phologic alterations in dystrophic degeneration of muscle, especially the 
vacuolation and subsequent disappearance of the sarcoplasmic retic- 
ulum. 

The possibility that the early vacuolation of the sarcoplasmic 
reticulum marks the site of the primary lesion of muscular dystrophy 
is entertained. In attempting to correlate structure and function, it is 
suggested that the functional aberration in muscular dystrophy is closely 
associated with the adenylic acid system, that phosphatases are involved, 
and that this aberration first manifests itself morphologically in the 
vacuolation of the sarcoplasmic reticulum. 
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LEGENDS FOR FIGURES 


Fic. 1. A biopsy specimen of gastrocnemius muscle in a 6-year-old boy with pseudo- 
hypertrophic muscular dystrophy. Parts of a few myofibrils from the center of 
a muscle fiber are shown. The enlarged bubble-like vacuoles (V) between the 
myofibrils are interpreted to be part of the sarcoplasmic reticulum, possibly the 
site of the primary lesion in muscular dystrophy. Note also the unusual lobula- 
tion of the mitochondria (M) in this area. Electron micrograph. X 30,000. 
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Fic. 2. Gastrocnemius muscle, 6-year-old boy with pseudohypertrophic muscular 
dystrophy. This area is from the center of a muscle fiber in a “‘pre-hyaline” stage 
of degeneration. Remnants of “hyper-contraction bands” or ‘‘contracture bands” 
appear in the myofibrils. Myofilaments are still evident. The spaces between the 
myofibrils contain debris from the deterioration of the sarcoplasmic reticulum 
and the mitochondria. Electron micrograph. X 15,000. 
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Fic. 3. Area in the center of a muscle fiber in an early “hyaline” stage of degenera- 
tion. The myofibrils are devoid of striations. Sarcoplasm and its inclusions are 
absent. The myofilaments are still evident, though seemingly “swollen” in 
places (arrow). Electron micrograph. X 23,000. 
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ANATOMIC PATHWAY OF BILE FORMATION 


C. T. M.D., anv E. SANDERS 


From the Department of Pathology, The University of Texas 
Southwestern Medical School, Dallas, Texas 


Recent physiologic studies have emphasized the limitation of know- 
ledge concerning the anatomic pathways involved in bile secretion. It 
was considered desirable, therefore, to evaluate the concepts of the fine 
structure of the liver recently developed through the use of electron 
microscopy ** and to ascertain if these might be applied to the problem 
of bile secretion. Paramount questions that arise include the mechanism 
of transfer of substances from the blood across the hepatic sinusoidal 
wall, the means by which these substances are incorporated in liver cells, 
and the manner and route of transfer of bile constituents to the excretory 
tracts, the bile canaliculi. 


MATERIAL AND METHODS 


In the course of other investigations, the livers of 24 normal adult rats and of 2 
human subjects were examined by electron microscopy. The specimens were prepared 


by standard procedures for electron microscopy.“ An RCA EMU-3 microscope was 
used. The observations to be described are derived from retrospective analysis of 
approximately 200 electron micrographs of these preparations. 


OBSERVATIONS 
Transfer Across the Sinusoidal Wall 


Since the fine structure of the liver has been described by several ob- 
servers, it will be given only brief consideration here. Greater emphasis 
will be placed upon those aspects which appear to be involved in the 
production of bile. 

The endothelium lining the sinusoids presents certain features which 
appear to have major physiologic significance. The endothelial cytoplasm 
forms a very incomplete lining over the hepatic cells. It is interrupted 
by comparatively large spaces or pores measuring up to 2 » in diameter 
(Fig. 1). Through these, there is a ready communication between the 
sinusoidal lumen and a distinct but narrow space which separates the 
hepatic cell from the endothelium (the space of Disse). The content of 
this space is similar to that of the sinusoids, except for the absence of 
red cells, leukocytes and platelets. Fine granular particles measuring 
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about 150 A, resembling similar elements in normal plasma, and, occa- 
sionally, lipid particles (chylomicrons) are found in the space of Disse. 
This space is occupied by many fine villous projections from the hepatic 
cells. No structure resembling a basement membrane is found in the wall 
of the sinusoid. 

The anatomic pattern of the sinusoid is ideally suited to the unimpeded 
transfer of plasma fluid from the blood to the pericellular space. It seems 
justified to conclude that the hepatic cells are bathed continually in a 
fluid which has all the constituents of blood except the formed elements. 
The numerous, fine villous projections of hepatic cell membrane increase 
the interface with this cell-free, protein-rich fluid. The arrangement de- 
scribed provides an anatomic basis for the active participation of the 
liver in a wide variety of metabolic phenomena, for the rapid uptake of 
substances absorbed from the intestinal tract into the portal blood, and 
for the high content of protein which is found in hepatic lymph.° 

Although in many pathologic conditions, the sinusoidal lining cells 
appear to be actively phagocytic, in the normal animal these cells do not 
contain significant amounts of particulate material. It is, therefore, be- 
lieved that in the normal animal the endothelium merely serves as an 
incomplete lining of the sinusoids and may not be significantly involved 
in the removal of substances from the blood, nor their transfer to the 
hepatic cells, as has been suggested.® 


Uptake by Hepatic Cells 


The numerous fine villi which project into the spaces of Disse, and 
the formation of many small vesicles in the peripheral portion of the 
cytoplasm, suggest a high degree of membranc activity in hepatic cells. 
The cell membrane, bordering upon the space of Disse, engages in the 
production of numerous fine infoldings, forming pinocytotic cytoplasmic 
vesicles (Fig. 2). These draw fluid and small particles from the fluid 
environment into the cytoplasm, and serve to transport them through 
the hepatic cell. By this means, some of the constituents of bile gain en- 
trance into the parenchymal cells, preliminary to secretion into the bile. 

Observations upon the assimilation of chylomicrons‘ and of ingested 
latex particles measuring 2,200 A,* indicate that the membrane of hepatic 
cells is highly active in the process of pinocytosis and imbibition of fluid 
and fine particles from the pericellular environment. This is in accord 
with the observation® that an energy-consuming mechanism plays an 
important role in bile formation. Such a mechanism of membrane 
transport is well known, having first been designated in tissue culture 
cells by Lewis *® as pinocytosis, and recently correlated with electron 
microscopic findings by Bennett." 
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There is considerable similarity between the mechanisms of uptake 
by hepatic cells and the intestinal absorption of lipid. The latter has 
recently been demonstrated with electron microscopy by Palay and 
Karlin.’? There is a difference, however, in that absorbed particles in 
the intestinal epithelium remain encompassed by the membrane of the 
vesicle until discharged from the cell, while the membranes may dis- 
appear from around the incorporated material in the hepatic cell. This 
allows direct exposure of the material to the hepatic cytoplasmic ele- 
ments. The imbibed substances apparently may be stored,** metabolized, 
or eliminated from the cell. 


Evidence for Secretory Activity in Bile Production 


Sometime prior to secretion, bilirubin is conjugated with glucuron- 
ides.** Unfortunately, the bilirubin molecule is not recognizable in elec- 
tron micrographs, except when it is deposited in the cell or bile canaliculi 
as dense aggregates. Therefore, its transfer from the cell to the canaliculi 
cannot be visualized. The electron-dense particles commonly seen in or 
on oval microbodies probably represent bile which is temporarily stored 
in hepatic cells (Fig. 3). These aggregates are grouped around the bile 
canaliculi. They are frequently incorporated within Golgi substance 
which appears more prominently around the bile canaliculi than else- 
where in the cytoplasm. Since Golgi substance is known to be related to 
the process of secretion,’ it appears highly probable that this is a site of 
active secretion in hepatic cells. 

The bile canaliculi are demarcated only by the hepatic cell membrane, 
from which extend numerous microvilli (Fig. 4). It is assumed that 
conjugated bilirubin, cholesterol, alkaline phosphatase, bile salts, and 
other constituents which appear in the bile in concentrated form, pass 
from the hepatic cytoplasm across this membrane into the canaliculi. 
The same route is no doubt followed by bromsulphalein. This process 
could explain the high concentration of certain constituents of bile and 
implies an energy-consuming, secretory function by hepatic cells. The 
delay in appearance of bilirubin and bromsulphalein in bile, after their 
introduction into the blood, as compared with the more rapid appearance 
of diffusible compounds, such as lithium salts,’® is readily understood in 
the light of these observations. The incorporation into the hepatic cell 
of protein-bound bilirubin or bromsulphalein, their conjugation with 
glucuronide, the transit of these substances through the cytoplasm, and 
their secretion into the canaliculi, would all be expected to require a 
relatively long time for completion. Saturation of the mechanisms of 
hepatic removal of bromsulphalein or bilirubin and the competition of 
these substances for removal *’ can also be explained by the inability of 
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the liver cells to perform more than a given quantity of work in a period 
of time. 


Evidence for an Anatomic Site of Ultrafiltration in Bile Production 


The parallel concentrations of sodium, potassium, chloride and other 
relatively small molecules in blood and bile’ and the rapid appearance 
of K* in the bile as compared with its slower appearance in the liver 
cells,’* favor the existence of some form of bile canaliculi-blood con- 
tiguity, and the production of an ultrafiltrate of blood as a constituent 
of bile. Anatomic evidence that may shed light, therefore, on this phase 
of bile formation, is the existence and nature of possible communications 
between the canaliculi and the blood or lymph. 

The bile canaliculi do not themselves approach the sinusoids or the 
spaces of Disse closely. On the other hand, there is a narrow but distinct 
intercellular space which forms a minute channel 100 Ain width, con- 
necting with both the canaliculi and the space of Disse (Fig. 5). At the 
site of continuity between the space of Disse and the intercellular space 
there is usually found a short, wide channel between adjacent liver cells, 
representing an extension of the space of Disse. This extension is as wide 
as I », and may continue for a distance of several microns before it tapers 
into the 100 A intercellular space (Fig. 6). The extension has not been 
observed, however, to communicate directly with the canaliculi without 
the intervention of the narrow intercellular space. The space is amply 
wide to permit a flow of water and solutes of small molecular size, but 
narrow enough that larger molecules, as albumin, would be withheld. 
Under normal conditions, the direction of flow must be from the spaces 
of Disse to the canaliculi. By this explanation, the parallel concentration 
of solutes of small molecular size in blood and bile and the rapid appear- 
ance of injected K* in bile can be easily understood. It would also explain 
the fact that the concentration in the bile of those solutes which would 
appear in an ultrafiltrate is directly proportional to their plasma con- 
centration. No saturation state in the secretion of these constituents in 
the bile can be demonstrated. 

There is ample anatomic evidence that epithelial cells throughout the 
body are separated from one another by distinct intercellular spaces in 
which active movement of intercellular fluid occurs. In the intestinal 
epithelium, for example, the existence and continuity of such spaces can 
be readily established by electron microscopic study of the movement of 
particles in the process of absorption.’* In some epithelium the inter- 
cellular spaces are sufficiently narrow that only protein-free filtrate 
would be expected to circulate. In others, such as stratified squamous 
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epithelium, comparatively wide spaces exist between the cells, so that 
protein-containing fluid could readily pass through these channels.’® 


DISCUSSION 


When the fine structure of the liver is evaluated in conjunction with 
physiologic observations, a reasonable basis for the route of bile secretion 
can be postulated (Text-fig. 1). The hepatic sinusoidal wall differs from 
other capillary structures in the body in the absence of a basement mem- 
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TEXT-FIGURE 1. Schematic diagram to show the concept of anatomic pathway of bile 
secretion. 

1. Transfer of materials from space of Disse to hepatic cell cytoplasm. 

2. Secretion from hepatic cell into bile canaliculi. 

3. Formation of ultrafiltrate from space of Disse through narrow intercellular channel 
into canaliculus. 


brane and the existence of large openings in the cytoplasmic lining.” 
This allows a ready passage of plasma into the pericellular spaces of 
Disse. Thus, the plasma bilirubin, even though bound to albumin, is 
brought into intimate contact with the hepatic cell membrane and its 
fine villous projections. There is no evidence that the lining endothelium 
or Kupffer cells serve as intermediate carriers of bilirubin. Uptake of 
bilirubin by hepatic cells is postulated to represent the result of the 
activity of the hepatic cell membrane. Here, vesicles are visibly pro- 
duced, transporting fluid and particles into the hepatic cell cytoplasm. 
This same pumping mechanism probably explains the hepatic uptake of 
chylomicrons, other small particles, and possibly fluid and solutes too 
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small for visualization even by electron microscopy. This is obviously an 
active, energy-consuming process, which may very well be one of the 
major limiting factors as far as the metabolic activity of hepatic cells is 
concerned. A certain analogy can be drawn between particulate absorp- 
tion by intestinal epithelium and the uptake of substances by hepatic 
cells. 

A subsequent step in bile secretion involves the elimination from the 
hepatic cell into the bile canaliculi of conjugated bilirubin and of other 
substances modified or synthesized by the hepatic cell. Although no 
transfer of particles can be seen by electron microscopy at the membrane 
which delineates the canaliculi, it is believed that active secretion occurs 
here, since these substances occur in concentrated form in the bile. The 
concentration of bile aggregates around canaliculi, and the localization 
of Golgi apparatus in the same region further indicate secretion into the 
canaliculi. The microvilli in canaliculi may represent the site of clas- 
matosis, whereby cytoplasmic constituents are released into the bile. 

A second group of constituents of bile are those which occur in the 
same concentration as in the blood. These include sodium, potassium, 
chloride, glucose, etc. Their concentration could be explained best by 
assuming the production of an ultrafiltrate of plasma. This would re- 
quire some intimate contact or continuity between the blood or pericell- 
ular fluid and bile canaliculi. Since there is no immediate proximity of 
canaliculi to sinusoids or spaces of Disse, the narrow intercellular spaces 
are believed to represent the required continuity between the spaces of 
Disse and the bile canaliculi. The width of this space being approx- 
imately roo A, it is well disposed for the exclusion of protein molecules 
while allowing the free passage of water and solutes of relatively small 
molecular size. The problem of pressure relationships has to be con- 
sidered before such a route for the flow of ultrafiltrate can be accepted. 
The hydrostatic pressure of sinusoidal blood, transmitted to the space 
of Disse, would well serve as the main driving force for filtrate formation. 
It is known that variations of perfusion pressure in isolated liver prep- 
arations are accompanied by parallel changes in bile flow. Further, the 
flow of bile can be reversed by raising the pressure within the biliary sys- 
tem sufficiently, causing the bile to disappear from the bile ducts and 
canaliculi." This would require, and could logically be explained by, a 
patent connection between canaliculi and sinusoids, and a flow in the re- 
verse direction from normal. It is difficult, however, to explain the obser- 
vation that even after increasing the bile duct pressure in perfusion 
experiments to the point where it exceeds perfusion pressure, bile flow 
continues for a period of time.” This might indicate that the bile flow 
mechanism is dependent upon other factors besides hydrostatic pressure 
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of blood. It is probable that secretion from the hepatic cells may add to 
the driving force of bile flow, as may also the motility of the microvilli in 
bile canaliculi and activity of bile duct epithelium. 

It ‘s perhaps significant that there are certain similarities between the 
anatomic pathway of glomerular filtrate production and that proposed 
for the ultrafiltrate in the liver. In the epithelium covering glomerular 
capillaries, foot processes of epithelial cytoplasm are applied to the ex- 
ternal surface of capillary walls. Between these foot processes, or ped- 
icels, are narrow channels (slit pores) of approximately 100 A width.” 
These are analogous, in some respects, to the narrow intercellular spaces 
between liver cells, described above. They appear to perform a similar 
function to that proposed for the intercellular spaces in hepatic laminas, 
namely, the flow of a filtrate of blood, devoid of its protein content. 


SUMMARY 


The present state of knowledge of the pathway of bile secretion is 
incomplete. The mechanism of production and the anatomic route of 
what appears to be an ultrafiltrate of plasma as one of the constituents 
of bile has not been demonstrated. Examination of electron micrographs 
of normal rat and human liver reveals an anatomic pathway which is 
reconcilable with the known physiologic aspects of bile secretion. The 
plasma of hepatic sinusoidal blood is found to have ready access to the 
pericellular spaces of Disse through wide defects or pores in the en- 
dothelial lining. An active pinocytotic process presumably occurs at the 
hepatic cell membrane lining the space of Disse, permitting plasma con- 
stituents to be transported into the hepatic cells by an energy-consuming 
mechanism. Secretion of certain concentrated bile constituents into the 
canaliculi from the hepatic cell is postulated. Narrow spaces, 100 A 
wide, are shown to extend between the cells from the space of Disse to 
the bile canaliculi. This provides a route through which protein-free 
ultrafiltrate can be transported from plasma to bile canaliculi. The driv- 
ing force of this flow can be attributed to the hydrostatic pressure of 
sinusoidal blood. 

The mechanism described would explain the highly concentrated com- 
ponents of bile, as well as the constituents which occur in concentrations 
approximately equivalent to those of plasma. It would also explain the 
absence of protein in bile secretion. Pathologic and physiologic aspects 
of bile secretion appear to be clarified by this proposed mechanism. 
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LEGENDS FOR FIGURES 


1. Electron micrograph of a hepatic sinusoid (S) and a portion of a hepatic 
cell (H). The sinusoid is lined by a thin layer of endothelial cytoplasm (E) 
which contains numerous large defects or pores (P). The space of Disse (D) is 
apparent, and many microvilli (M) of the hepatic cell project into the space. 
X 11,200. 


2. The peripheral portion of a hepatic cell (H) borders on a sinusoid (S). The 
pinocytotic vesicles (V) are numerous and prominent in this portion of the 
cytoplasm. X 16,000. 

3. A bile canaliculus (C) is shown. Intercellular spaces (X) communicate with 
the canaliculus through approximately 100 A openings. Bile pigment granules on 
dense microbodies (B) are grouped around the canaliculi. X 8,000. 
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4. Ina bile canaliculus (C), prominent microvilli (M) project from the hepatic 
cell membrane into a canaliculus. The canaliculus is devoid of walls, being de- 
marcated only by the hepatic cell membranes. Golgi material (G) is observed in 
the hepatic cytoplasm near the canaliculus. X 16,000. 


. 5. A sinusoid (S) is lined by a perforated endothelial cytoplasmic membrane 


(E). A triangular extension (T) of the space of Disse extends between two ad- 
jacent parenchymal cells, and is continuous with the intercellular channel (X). 
The channel measures approximately roo A in width. A dense plaque (P) or 
desmosome is seen in the cytoplasm on either side of the intercellular space at 
the point where the channel communicates with the canaliculus (C). X 11,200. 


6. Portions of liver cells show the communication of the intercellular channel 
(X) with a bile canaliculus (C). X 16,coo. 
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INTRAVITAL CHELATION OF ZINC IN THE PROSTATE 
OF THE RAT 
(HISTOCHEMICAL AND HISTOLOGIC OBSERVATIONS) 


Joun Locoruetopoutos, M.D. 


From the Banting and Best Department of Medical Research, 
University of Toronto, Toronto, Ontario, Canada. 


The high concentration of zinc in the cells of the pancreatic islets in 
many species accounts for the observation of Wolff, Maske, Stampfl and 
Baumgarten’ that the islets appear intensely red after an intravenous 
injection of the zinc-chelating compound diphenylthiocarbazone (dithi- 
zone). The formation of granules of zinc-dithizonate in the cells of the 
islets of Langerhans has been demonstrated histologically and their 
nature proved by spectrometric analysis of extracts made with carbon 
tetrachloride (CCh).? The destruction of beta cells in the islets of 
Langerhans of the rabbit and the production of severe diabetes with 
metal-chelating organic compounds, demonstrated by Okamoto,’ is also 
probably due to the high zinc content of these cells. 

These observations on the pancreas and the fact that the prostate also 
contains a high concentration of zinc* suggested that the intravital 
chelation reaction with dithizone for the localization of zinc in the 
prostate could be of histochemical interest and that the zinc-chelating 
organic compounds might be tried as selective cytotoxic agents for the 
cells of this organ. 

The intravenous injection of dithizone and subsequent examination 
of fresh-frozen sections of the prostate permitted a study of the dis- 
tribution of reactive zinc in the different cells of the gland. Our results 
extend the observations of Fleischhauer,® who also used this method. 
Furthermore, dithizone was shown to be the only compound, among a 
small series of zinc-chelating organic molecules, that produced selective 
necrosis of prostatic acini. A histologic study was made of the necrotic 
lesion and of the reparative and regenerative processes that followed it. 


MATERIAL AND METHODS 
Infusions of Dithizone, 8-Hydroxyquinoline, o-Aminobenzoic Acid, 
and 2-Quinoline-Carboxylic Acid. 
A weighed amount of dithizone was dissolved in alkaline absolute alcohol and then 
slowly added to boiling distilled water. Drops of N/1o hydrochloric acid were then 
This work was supported in part by a grant, Consolidated Grant No. 2 from the Na- 
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added, with continuous stirring, until a permanent precipitate (14 to 14 of the initial 
amount of dithizone) formed. Gentle boiling was continued until 34 of the original 
volume of water remained. The final concentration of dithizone in the solution was 
found by collecting the precipitate on a filter paper and weighing it after drying. 
The concentrations of the solutions used for injections varied from 5 to 10 mg. 
per ml. 

Intact adult albino male rats, weighing 300 to 400 gm., intact young rats from 2 to 
8 weeks of age, and castrated rats were used. 

Under ether anesthesia, a fine catheter was introduced into the jugular vein, and 
the infusion was made with a syringe pump. During a period of 40 to 50 minutes 
150 to 200 mg. of dithizone per kg. of body weight was given to each rat. 

The 8-hydroxyquinoline was dissolved in distilled water acidified with drops of 
N/1oo HCl. The o-aminobenzoic acid and the sodium salt of 2-quinoline-carboxylic 
acid were soluble in distilled water. Three hundred mg. of o-aminobenzoic acid, 300 
mg. of 2-quinoline-carboxylic acid, and 150 mg. of 8-hydroxyquinoline per kg. of body 
weight were infused into each rat. 


Histologic Procedures 


The prostatic lobes were removed immediately after the infusion of dithizone. 
Fresh-frozen sections were cut by a cold knife technique and mounted with glycerin. 
Under dark-field illumination, the zinc-dithizonate precipitate appeared as strongly 
refractile fine orange granules. Violet and red granules were seen with transmitted 
light. Counterstaining with 1 per cent methyl green made cell differentiation easier. 
The localization of zinc in the prostate by intravital chelation was compared with 
results obtained with the histochemical methods for the detection of zinc, as described 
by Mager, McNary and Lionetti.° The latter were applied to fresh-frozen sections 
of prostate from untreated rats. 

For the investigation of the progress of the necrotic lesion and of the processes 
of repair and regeneration, the prostate was removed with the urethra and the blad- 
der and fixed in formol-sublimate or Bouin’s solution. Thick slices were cut in a plane 
perpendicular to the axis of the urethra after fixation and further processed and 
embedded in wax. Serial sections were cut at 5 mw, and every tenth one mounted and 
stained with hematoxylin and eosin. Selected sections were also stained with Gordon 
and Sweets’ silver method* and Mallory’s phosphotungstic acid-hematoxylin stain.* 

For the histochemical detection of zinc, rats were sacrificed by bleeding under ether 
anesthesia at the end of the period of infusion of dithizone. For the time study of the 
successive morphologic alterations, adult rats were sacrificed 3, 6, 12, 18 and 24 hours, 
and 2, 3, 5, 8, 12, 15, 20, 30, 45, 60 and 120 days following the infusion. In order to 
complete the series with at least 2 rats in each group, a large number of rats had to 
be injected with dithizone, as the mortality was about 70 per cent. After a latent 
period of 6 to 20 hours following the infusion, most of the rats developed signs of 
respiratory distress due to accumulation of a protein-containing exudate in both 
pleural cavities. Withdrawal of fluid in 5 of the animals improved their condition. 
After the critical period of 2 to 3 days the survivors recovered quickly and soon ap- 
peared normal. 


RESULTS 
STRUCTURE OF THE RAT PROSTATE 


Microdissection of the prostate of the rat, in combination with a 
microscopic study of serial sections of fixed glands, showed that certain 
modifications of the existing descriptions of the structure of the rat 
prostate® were desirable for the presentation of our results with the 
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intravital chelation reaction. The prostate of the rat consists of a num- 
ber of gland “units” of an alveolotubular pattern surrounding the lower 
part of the bladder, the coagulating glands and seminal vesicles, and the 
initial part of the urethra. The large, secretory alveolotubular cavities of 
a “unit” merge into a common duct rather abruptly. The duct of each 
“unit” can be followed in serial sections, as it runs caudally in a bundle 
with the ducts of the other “units” of the prostate, the ducts of the co- 
agulating glands, of the seminal vesicles, the terminal portions of the 
vasa deferentia, and the initial part of the urethra. Each of them, retain- 
ing its separate identity, empties into an enlargement of the urethra 
(ampulla) 3 to 4 mm. below its origin. Four glandular “units” form the 
ventral lobe on each side. The so-called “dorsolateral” prostate consists 
of 3 groups of glandular “units” on each side: (1) One group of 5 
“units” constitutes the dorsal lobe covering the dorsal surface of the 
lower ends of the seminal vesicles. (2) A second lateral group is com- 
prised of 5 gland “units.” (3) A third group with 4 to 5 “‘units” lies 
dorsally and rostrally to the true lateral group. The 3 groups can be 
separated by careful dissection and may be labeled dorsal, lateral and 
dorsolateral lobes. 

Although cytologic differences between the lobes exist, these should 
be cautiously interpreted, owing to variations within the same gland 
“units.” The most useful staining for differentiation was the aldehyde 
fuchsin method of Gomori. Only the secretion of the units of the lateral 
and dorsolateral lobes stained intensely purple. 


MACROSCOPIC AND MICROSCOPIC APPEARANCE OF THE PROSTATE 
AT THE END OF THE INFUSION OF DITHIZONE 


The lateral and dorsolateral lobes of the prostate stained deep 
magenta red at the end of dithizone infusion. The dorsal lobe was light 
pink. The anterior lobe was completely unstained. 

The cells of the lateral and dorsolateral lobes were filled with fine 
violet granules mostly concentrated in their basal parts (Fig. 1). The 
lumen ends of the cells contained fewer granules and also showed a 
rather diffuse red staining. The nuclei and the Golgi area seemed to be 
free of granules. No granules were present in the lamina propria or the 
supporting stroma (Figs. 4 and 5). A very low density of granules was 
found in the acinar colloid. 

There was no marked difference in the density of the granular pre- 
cipitate among cells or acini. The cells of the ducts draining the alveolo- 
tubular gland “units” showed a positive reaction which was present as 
far as the point of junction with the urethra. 

The secretory cells of the dorsal lobe contained fewer granules than 
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those of the lateral lobes (Fig. 3). Their distribution in individual acini 
was uneven. In individual cells, however, the granules appeared more 
evenly distributed than in the cells of the lateral and dorsolateral lobes. 
In contrast to the appearance in the latter lobes, cells of the dorsal lobe 
showed a density gradient of granules increasing toward their lumen 
ends, which were free of any diffuse red staining. 

When fresh-frozen sections were examined under dark-field illumina- 
tion, the granules appeared as brilliant orange dots on a dark back- 
ground. Their resolution and visibility was enhanced by this form of 
illumination. Fine granules could also be resolved in the rather diffusely 
red-stained lumen ends of the cells of the lateral and dorsolateral lobes. 


COMPARISON OF INTRAVITAL LOCALIZATION OF ZINC 
WITH HISTOCHEMICAL METHODS in vitro 


When fresh-frozen sections of the prostate of rats infused with dithi- 
zone were covered with the acetone-water solvent used in the histochemi- 
cal methods for zinc in the tissue,® the intracellular precipitate began 
to lose its intensity and sharpness immediately. Diffuse background 
staining of the stroma and uneven staining of acini resulted. 

These observations offered an explanation for the results obtained 
with the histochemical methods in fresh-frozen sections of the prostate 
of untreated rats. In contrast to the results with the intravital chelation 
reaction, the in vitro techniques gave (a) weaker color intensities, (b) 
inconsistent and uneven localization in neighboring parts of the acini, 
(c) a diffuse red coloring rather than a pure granular precipitate, and 
(d) diffusion artifacts leading to staining of the stroma. 


NATURE OF THE INTRACELLULAR GRANULES AFTER THE 
INJECTION OF DITHIZONE 


Extraction of homogenates of the colored prostates with CCl. and 
spectrographic analysis of the extract gave the absorption spectrum of 
zinc-dithizonate. A subcutaneous injection of a 0.5 per cent solution 
of zinc chloride followed by an intravenous infusion of dithizone pro- 
duced the same type of colored granular precipitate (violet and red 
granules) between the structures of the subcutaneous connective tissue. 
The granular precipitate could be reproduced in vitro by slowly adding 
a weak solution of dithizone of pH 7 to 9 to weak solutions of zinc 
chloride (0.1 to 0.5 per cent). 

No interference from other metals would be expected. Mawson and 
Fischer *° have shown by emission spectrography of the ash of the rat 
prostate that no metal other than zinc is found in unusual amounts. 
Reactive zinc in the cells of the prostate appeared in rats when they 
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reached the age of 20 to 25 days. The intensity of the reaction was fully 
established in animals at 2 months of age. If young rats were castrated 
within the first 2 postnatal weeks, no reactive zinc could be demonstrated 
in the undeveloped prostate when the animals reached maturity. Castra- 
tion in sexually mature animals caused a progressive reduction in the 
intensity of the reaction with time. 


REVERSIBILITY OF THE INTRACELLULAR PRECIPITATE in vivo 


When the rat was killed 2 to 3 hours following the infusion of 
dithizone, the color of the posterior prostate had returned to normal 
and no granules were found in the frozen sections. The lateral and 
dorsolateral lobes were found to be a brown-red color, and granules were 
still seen in many of the cells. 


HISTOLOGIC CHANGES IN THE PROSTATE FOLLOWING 
THE INTRACELLULAR CHELATION OF ZINC 
Lateral and Dorsolateral Lobes 


The sequence of morphologic alterations in the lateral and dorso- 
lateral “units” as examined in serial sections stained with hematoxylin 
and eosin were as follows: 

Three Hours after the Infusion of Dithizone. The cells lining the 
acini of the lateral and dorsolateral lobes showed a more homogeneous 
cytoplasm and a more chromophilic nucleus. In some places there was a 
detachment of the epithelium from the connective tissue stroma. 

Six Hours after Infusion. Pyknosis of nuclei was marked. The cyto- 
plasm was either eosinophilic and homogeneous or swollen and vacuo- 
lated. There was slight edema and distention of the capillaries in the 
stroma. Desquamation of the cells into the lumens of the acini was 
evident (Fig. 7). 

Twelve Hours after Infusion. The acini were slightly collapsed and 
filled with desquamated necrotic cells. In many areas the interstitial 
supporting connective tissue was edematous. Capillaries were distended 
and small hemorrhages could be seen (Fig. 8). 

Twenty-four to 48 Hours after Infusion. The acini were filled with 
necrotic cells. Small infiltrations with neutrophils and mononuclear cells, 
engorgement of capillaries and venules were seen in various regions of 
the supporting stroma. Swelling of the nuclei of fibrocytes was also 
present. 

Forty-eight Hours to 5 Days after Infusion. The necrotic cells filling 
the acini were undergoing nucleolysis. Necrotic cells were fusing into 
irregular masses containing clumps of material staining deeply with 
hematoxylin. In many instances neutrophils and macrophages had en- 
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tered the acini and were undergoing degenerative changes. Two new 
processes were initiated during this period: (a) proliferation of fibro- 
blasts in the connective tissue stroma; and (b) relining of the fibro- 
muscular framework of acini by endothelial-like, bizarre-looking cells 
with deeply stained cytoplasm showing a very high mitotic activity 
(Fig. 13). The process of relining started from small groups of cells 
which had survived the initial necrosis (Fig. 10). The number and ex- 
tent of these islets of surviving tissue varied from animal to animal. 
Under low magnification they easily escaped notice in the extensive 
necrosis. The ducts contained more numerous surviving islets of cells. 
The proliferating cells were spreading between the necrotic debris and 
the supporting fibrous lamina propria (Fig. 12). In some instances the 
undifferentiated cells proliferated into several layers and were under- 
going squamous metaplasia. The process of relining was not evident in 
those areas where the blood supply of the supporting stroma seemed to 
be fully obliterated. 

Five to 15 Days after Infusion. Irregular and distorted acini were 
formed or reconstituted (Fig. 15), and many of them seemed to have 
established connections with the ducts. Simple and stratified epithelium 
were found close together. Mitotic activity began to subside after the 
tenth day. Fibroblastic proliferation of the stroma was also slowly sub- 
siding, and fibroblasts were forming fibrils. Infiltration with neutrophils 
and lymphocytes, macrophages containing hemosiderin, and small ves- 
sels with thickened hyaline walls were encountered in the interstitial 
tissue. Young vascular connective tissue was invading necrotic patches 
which had been without a supply of blood. 

Fifteen to 30 Days after Infusion. The histologic pattern in the 
lateral and dorsolateral prostate slowly became more normal (Fig. 16). 
Reconstituted acini began to acquire cuboidal epithelium showing a 
negative Golgi image. Many acini were still filled with debris and de- 
generating neutrophils. The interstitial connective tissue remained 
thickened with patchy infiltrations of neutrophils and macrophages. 

Thirty Days to 4 Months after Infusion. The lateral and dorsolateral 
lobes were much smaller and showed an irregular granular surface 
macroscopically. The histologic appearance of the regenerated gland 
“units” revealed thickening of the interstitial tissue and irregularity 
of the secretory cavities, many of these containing a large number of 
neutrophils. 


Dorsal Lobe 


Very few acini of the dorsal “units” contained patches of necrotic 
cells. Some acini seemed to contain a large number of desquamated but 
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apparently viable cells. During the first week following the infusion of 
dithizone, scattered acini were found filled with epithelial cells showing 
a high incidence of mitotic figures. 


EFFECT OF INFUSIONS OF 0O-AMINOBENZOIC ACID, 8-HYDROXYQUINOLINE 
AND 2-QUINOLINE-CARBOXYLIC ACID 


The infusion of these metal-chelating organic molecules in concentra- 
tions higher than those used for dithizone did not produce any detectable 
intracellular precipitate. Examination of fresh-frozen sections under 
dark-field illumination were negative. No cytologic changes were found 
in the cells of the prostatic acini 12, 24, 48 and 72 hours after the in- 
fusions. None of the above substances produced the pleural effusions 
found after dithizone injections. 

A colored intracellular precipitate of zinc-dithizonate was formed 
when dithizone was infused after any of the above chelating agents had 
been given. 


DISCUSSION 


Microscopic examination immediately after the infusion of dithizone 
clearly showed that the metal-chelating substance entered the prostatic 
cells of the lateral and dorsal lobes and formed a granular precipitate 
with reactive zinc in the cytoplasm of these cells. The production of 
the same type of precipitate in the subcutaneous connective tissue at 
the site of an injection of zinc chloride in vivo and its formation in vitro 
by mixing weak solutions of dithizone and zinc chloride indicates that 
one is not dealing with stained mitochondria, as Fleischhauer * suggests, 
or with any particular cell structures. 

The high density of granules at the bases and the apexes of the cells, 
the low density in the acinar content, and the lack of substantial pre- 
cipitate in the Golgi areas and in the nuclei should be interpreted with 
some caution, as they may not represent the true distribution of reactive 
zinc. Diffusion barriers may prevent the free movement of dithizone in 
the cell or through the inner cell membrane. 

The diffuse red staining of the lumen ends of the cells of the lateral 
and dorsolateral prostatic lobes and the lack of it in the cells of the 
dorsal lobe could be explained either as due to the presence of lipid 
components dissolving zinc-dithizone granules or as the result of a finer 
precipitate, nonresolvable by light microscopy, the formation of which 
may be favored by local structural or chemical conditions in this cell 
region. The last explanation seems more probable because: (1) the 
demonstration of lipids by oil red O and the acid hematein test of Baker 
failed in this area; (2) small reddish agglomerates, among violet clusters 
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of granules, were seen microscopically when weak solutions of dithizone 
and zinc chloride were mixed in vitro; and (3) the resolution of fine 
granules in the apical parts of the cells was possible with dark-field 
illumination. 

For the localization of zinc in the prostate, the results obtained with 
the chelation reaction in vivo were superior to those obtained with the 
histochemical techniques applied to fresh-frozen tissue sections. 

The concentration of zinc in the dorsolateral prostate (dorsal, lateral 
and dorsolateral units included) has been estimated by Mawson and 
Fischer *° as 180 wg. per gm. of wet tissue. The dorsal “units” in our ex- 
periments contained much less reactive zinc than the lateral and dorso- 
lateral “units,” and the acinar content was much less than that of the 
lining cells. Therefore, a higher concentration than 180 yg. per gm. of 
tissue would be expected in the cytoplasm of the lining cells of the lateral 
and dorsolateral “units.” 

Whether this high concentration of zinc is necessary for a particular 
cell function or simply reflects an increased secretion of zinc or zinc 
compounds is not known. One can only speculate regarding the cyto- 
plasmic structures to which zinc is initially bound. Estimations of zinc 
in centrifuged fractions of homogenates of the prostate are in progress. 
The intracellular chelation of zinc with dithizone in vivo is a reversible 
reaction. With the elimination of dithizone in the urine, the granules 
disappeared from the prostatic cells of the dorsal “units” in 1 to 2 hours. 
The persistence of the purple precipitate in the lateral and dorsolateral 
“units” was probably due to a local circulatory disturbance caused by 
the cytotoxic effect. This was indicated by the quick disappearance of 
granules from the cells of the lateral units in (a) normal rats infused 
with a smaller dose of dithizone (50 mg. per kg. of body weight); and 
in (b) adult rats, castrated at least 20 to 25 days before the infusion. 
In both instances the intracellular precipitate was of much lower density, 
and extensive necrotic changes did not follow. These observations point 
to the relation of the cytotoxic effect to the density of the intracellular 
precipitate. Whether the cytotoxic effect is the result of a primary bio- 
chemical lesion or is due to a mechanical interference with the function 
of the cell is an open question. Whatever the cause, only cells developing 
a heavy precipitate undergo necrosis. The cells of the posterior “units” 
recover completely or, in some acini, show a proliferative reaction. 

The sequence of the inflammatory and regenerative processes which 
followed the extensive necrosis were of great interest. The prostate 
gland does not exhibit a compensatory hypertrophy on surgical removal 
of half of its tissue. However, the few islets of cells that escaped necrosis 
after the infusion of dithizone very quickly showed a reversal to a less 
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differentiated type, which in a burst of mitotic activity began to reline 
the framework of completely denuded acinotubules. The stimuli for 
this activity, the factors determining the polarity of proliferation, and 
the means by which the undifferentiated cells reverted to secretory cells 
are matters for speculation. Our results, unfortunately, do not encourage 
hope for the use of dithizone in the treatment of cancer of the human 
prostate. This gland contains a high concentration of zinc, but neoplasms 
may contain much less." Unless total necrosis is achieved, stimulation 
of growth in surviving tissue may follow. The high toxicity of dithizone 
would make inadvisable the infusion of the large dose necessary to form 
a heavy precipitate. 

Three other potent zinc-chelating agents gave negative results. 
o-Aminobenzoic acid, 8-hydroxyquinoline and 2-quinoline-carboxylic 
acid, injected at a higher dosage than dithizone, were shown to be freely 
dialyzable from the serum of injected animals through cellophane mem- 
branes. However, they did not produce any cytoplasmic microscopic 
precipitate and did not have any noticeable cytotoxic effect. The diffusi- 
bility of these compounds into cells and their affinity for zinc under 
in vivo conditions remain to be investigated. 


SUMMARY 


Zinc in the cells of the lateral and dorsal lobes of the rat prostate 
formed a fine intracellular precipitate of zinc-dithizonate after the in- 
fusion of an alkaline solution of diphenylthiocarbazone (dithizone). 

The examination of fresh-frozen sections by dark-field illumination 
proved valuable for the histochemical localization of reactive zinc in the 
cells of the gland. The cells of the secretory “units” of the lateral lobes 
showed the strongest reaction, and underwent extensive necrosis. The 
inflammatory and regenerative processes following the cytotoxic injury 
have been described. 

Of a small series of zinc-chelating organic substances tested, only 
dithizone produced an intracellular precipitate and exerted toxic effects 
on the cells of the prostate. 
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LEGENDs FOR FIGURES 


Fic. 1. Normal adult rat. Acini in the lateral prostatic lobe after the infusion of 
dithizone. Zinc-dithizonate granules fill the cells. Fresh-frozen section. Dark- 
field illumination. X 430. 


Fic. 2. Acini in the dorsal lobe of the same rat shown in Fig. 1. Note the different 
density and pattern of distribution of zinc-dithizonate granules. Fresh-frozen 
section. Dark-field illumination. < 210. 


Fic. 3. Acini in the dorsal (below) and lateral lobe (top) at the boundary of the 
two lobes. Fresh-frozen section. Dark-field illumination. X 210. 


Fic. 4. A portion of the wall of an acinus in the lateral prostate after dithizone 
infusion. Fresh-frozen section. Dark-field illumination. X 1110. 


Fic. 5. Same area as in Figure 4. Phase contrast illumination. Microphotograph 
was taken 24 hours after Figure 4, and most zinc-dithizonate granules had dis- 
solved in the mounting medium. X 1140. 

Sections shown in Figures 6 through 16 were stained with hematoxylin and eosin. 
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Fic. 6. Normal adult rat. Acini of the lateral lobe of the prostate. X 190. 


Fic. 7. Acini of the lateral prostatic lobe 6 hours after the infusion of dithizone. 
216. 


CHELATION OF ZINC 


Sept., 1960 


BS 
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Fic. 8. Acini of the lateral prostatic lobe 12 hours after the infusion of dithizone. 
X 210. 
Fic. 9. Unaffected acini of dorsal prostatic units adjacent to necrotic lateral lobe; 


48 hours after the infusion of dithizone. x 65. 
Fic. 10. Prostatic cells which escaped necrosis, lining part of an acinus of the lateral 
lobe; 48 hours after the infusion of dithizone. x 300. 
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Fic. 11. Epithelium of lateral lobe cells lining acini of normal adult rats. X 1210. 


Fic. 12. Acinus of the lateral prostate in the process of being relined by proliferat- 
ing epithelium; 7 days after the infusion of dithizone. x 810. 


Fic. 13. Acinus of the lateral lobe of the prostate with a flat endothelial-like 
epithelium; 7 days after dithizone infusion. X 1210. 


Fic. 14. Neighboring acinus to that of Figure 13, lined with large, irregular cells. 
Note the size of the nuclei and nucleoli; 7 days after dithizone infusion. X 1210. 
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Fic. 15. Acini of lateral prostate lined with epithelial cells of a variety of types; 8 
days after dithizone infusion. x 210. 


Fic. 16. Acini of lateral prostate 18 days after the infusion of dithizone. Compare 
with normal lobe of Figure 6. X 220. 
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